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ABSTRACT 


Ground  and  flight  instrumentation  was  developed  and  employed  for 
the  study  of  vehicle  electrification  during  the  launch  of  two  Titan  IIIC 
rockets.  The  flight  instrumentation  operated  and  gathered  data  from 
ignition  to  pajiload  orbit  injection  at  19,400  nml.  The  first  launch 
occurred  under  clear-weather  conditions  and  provided  data  on  rocket- 
motor  electrification  at  liftoff  and  in  vhe  ionosphere.  On  the  second 
launch,  clouds  existed  in  the  launch  area  so  that  this  flight  provided 
data  on  vehicle  electrification  during  flight  through  precipitation. 

The  results  of  the  experiment  indicate  that  rockets  become  electrified 
by  the  action  of  the  engines  at  liftoff,  and  that  precipitation-particle 
impact  also  produces  electrification,  Streamer  discharges  were  measured 
resulting  from  precipitation-stutic  electrification  of  a  dielectric 
surface  on  the  front  of  the  rocket.  Results  from  the  atmospheric  portion 
of  the  flight  indicate  that  the  electrostatic  behavior  of  a  lorge 
rocket  is  similar  to  thot  of  o  Jet  aircraft. 

In  the  flight  through  the  ionosphere,  it  was  found  that  operation 
of  the  main  engines  and  altitude-control  rockets  produced  readily  detected 
signals  in  the  electi’ostotic  sensors.  Ttiis  indicated  that  rocket-exhaust 
ooustituonts  were  being  returned  to  the  vicinity  of  the  vehicle. 

Data  from  the  ground  Instrumentotion  indicate  that  the  eleotro- 
static  fields  in  the  vicinity  ef  the  pad  at  launch  are  dominated  by 
charges  on  the  clouds  generated  by  the  launch. 

Instinuaentation  and  the  results  of  the  teats  are  discussed  in  con¬ 
siderable  detail.  Where  appropriate,  r’esults  are  compared  to  theoretical 
analyses  or  to  earlier  measurements  on  aircraft  and  Tockots. 
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I  INTRODUCTION 


Rockets  and  space  vehicles  can  acquire  electrical  charge  of  various 
amounts  from  such  processes  as  triboelectric  charging  from  particulate 
matter;  plasma  processes  in  the  ionosphere,  radiation  belts,  and  solar 
wind;  photoelectric  charging  from  high-energy  radiation;  and  engine 
charging  from  various  processes  occurring  in  the  combustion  chambers  of 
rocket  engines.  Of  these  charging  processes,  triboelectric  charging 
and  engine  charging  were  known  to  be  capable  of  producing  detrimental 
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vehicle  potentials  that  lead  to  sparks,  corona,  and  streamers. 

On  the  Titan  IIIC  vehicle,  anomalous  Missile  Guidance  Computer 
(MGC)  responses  have  been  observed  during  the  flights  of  Vehicles  C-10 
and  C-14.  The  anomalous  responses  occurred  at  84  kft  ior  the  C-10  and 
at  58  kft  for  the  C-14  flight.  Ground  tests  of  the  MGC  indicate  that 
similar  responses  can  be  produced  by  sparks  to  the  computer  case  or  by 
electrical  discharges  near  the  computer  system.  In  addition,  the  Titan 
IIIC  payload  lairing  is  coated  with  an  ablating  material  on  which  charge 
may  accumulate,  and  the  fairing  was  not  positively  bonded  to  the  missile 
frame.  Thus,  it  was  strongly  suspected  that  the  anomalies  obsoi'vod  on 
Vehicles  C-10  and  C-14  were  of  electx’ostatic  origin. 

The  objectives  of  this  program  were  to  study  the  vehicle  eloctx’l- 
fication  mechanisms  and  oharging-curront  magnitudes  on  the  Titan  IIIC 
rocket  vehicle  in  an  effort  to  better  understand  the  processes  by  which 
electromagnetic  Impulses  capable  of  affecting  system  operation  might 
be  generated.  The  objectives  wei’e  achieved  by  developing  and  calibrating 
special  flight-test  instrumentation  and  installing  and  operating  it  on 


References  are  listed  at  the  end  of  the  report. 


two  Titan  IlIC  rockets  during  scheduled  firings.  The  instrumentation 

was  designed  to  measure  vehicle  potential,  chatting  current  arriving 

on  a  metal  fi’ontal  surface,  streamers  generated  on  a  small  dielectric 

frontal  surface,  and  ion  current  flow  and  electric  field  in  the  vehicle's 
8 

plasma  environment. 

Actual  installation  of  the  instrumentation  on  the  Titan  IIIC  test 
vehicle  was  accomplished  at  the  Eastern  Test  Range  by  the  Martin-Marietta 
Corporation  on  a  separate  contract. 

During  the  Titan  III  instrument  development  and  fabrication  period, 

Apollo  12  was  struck  by  lightning  during  launch.  As  a  result,  SRI 

scientists  participated  in  two  aeries  of  ground  experiments  (one  on 

Apollo  13  and  the  second  on  Apollo  14)  to  investigate  the  electrical 
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characteristics  of  the  Apollo  rocket  and  its  plume.  These  Apollo 
experiments  were  conducted  with  no  electrostatic  Insti'umentation  on  the 
rocket,  while  the  Titan  IIIC  experiments  were  to  be  conducted  with  no 
gmund-bosed  electrostatic  instrumentation.  It  was  observed  that  both 
programs  would  bo  consldoi'ably  stx’ongthonod  at  I'olatlvely  little  expense 
if  px'ovisions  wei'o  made  to  include  ground-based  measurements  on  the 
Titan  program.  In  addition,  since  the  Sotuim  booster  Is  liquid-fueled, 
and  the  fii’St  stogo  of  the  Titan  booster  is  solid-fueled,  the  acquisition 
of  rolatablo  data  from  both  vehicles  affords  an  opportunity  to  compare 
the  characteristics  of  solid-  and  liquid-fueled  motox'S.  Accoi'dlngly,  a 
sot  of  gx'ound-basod  field  motox’S  was  fobricated  and  emplaced  ax’ound  the 
Titan  IIIC  launch  complex  for  each  launch. 

in  this  x’cpox’t,  data  measured  for  flights  C-20  and  C-21  of  the 
Titan  111  vehicle  ax'e  pi’osontod.  Tlxo  data  include  gx'ound-basod  measux’e- 
ments  as  well  as  flight-tost  data  meusuX'cd  during  light-off,  below  the 
lonospUoro,  and  in  the  lonosphox’c.  Gx’ound-based  mea>^iiremonts  fx'om  the 
Apollo  13  and  14  flights  ax’e  also  Included  for  compax’ison.  Many  details 
of  the  experiment  ax'e  given  iu  Appendices  A  thx’ough  D. 
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Following  the  two  Titan  IIIC  flights,  a  sot  of  similar  electrostatic- 
study  instrumentation  was  fabricated  by  SRZ  and  installed  on  a  satellite 
to  be  launched  into  synchronous  orbit.  A  brief  description  of  this 
instrumentation  system  is  given  in  Appendix  E  of  this  report. 


II  DESCRIPTION  OF  INSTRUMENTATION 

A.  Flight  Instruments 

8 

The  Instrumentation  system  was  developed  to  measure  the  following 
parameters  during  the  flight  of  the  test  vehicle: 

(1)  Instantaneous  vehicle  potential 

(2)  Charging  rate 

(3)  Impinging-partlcle  count 

(4)  Streamer  discharge  PRF 

(5)  Streamer  dischai'ge  current 

(6)  Ambient  electron  density. 

An  electrlc-fleld-meter  system  Is  used  to  measure  vehicle  potential.  The 
field  strength  measured  at  a  point  on  the  sux’face  of  the  vehicle  by  the 
field  meter  is  directly  proportional  to  the  vehicle  potential  (V  >10  E 
for  the  vehicle  configuration  at  launch  in  free  space);  thus  a  measure 
of  the  field  strength  is  tantamount  to  a  measure  of  vehicle  potential. 

The  vohlclo  con  be  charged  by  frictional  electrification  caused  by 
rockot>Qugine  operation . 


A  chorglng  patch  located  on  the  nose  of  the  rocket  is  used  to  measure 

the  chorging  produced  by  impinging  dust  or  precipitation  particles 
10 

only.  Ttxo  chux'ging~rate  patch  consists  of  an  electrically  isolated 


conductor  on  ti:6  outside  of  the  vehicle,  subject  to  the  impingement  of 
dust  or  precipitation,  Ttio  elocti'onic  cix'cuitry  associated  with  this 
patch  is  designed  to  meast&'c  tho  current  flowing  to  the  patch  and  to 
count  tho  number  of  particles  Impinging. 

In  an  effort  to  further  study  the  breakdown  process  occurring  on  a 


rocket  vehicle,  provisions  wore  made  to  count  the  sti'oamer  pulses  generated 


by  charging  of  a  small,  Insulating  region  on  the  vehicle  nose.  The 
electronic  circuitry  used  for  the  streamer  studies  includes  provisions 
for  measuring  the  streamer  current  and  for  counting  the  nximber  of 
streamers  generated. 

The  Langmuir  probes  for  studies  during  orbit  injection  are  similar 
to  those  designed  and  fabricated  by  SRI  for  use  by  AFCRL  in  their  Trail- 
blazer  experiments.^^  The  probe  consists  of  an  Isolated  conductor 
biased  negatively  with  respect  to  the  skin  so  that  it  collects  saturation 

ion  current.  The  magnitude  of  the  current  is  related  to  the  electron 
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density  in  the  Immediate  vicinity  of  the  pi'obe.  Although  a  fixed-bias 
ion  probe  does  not  permit  the  determination  of  electron  temperature,  Its 
simplicity  and  compatibility  with  the  rest  of  the  instinuaentatlon  dic¬ 
tated  its  choice. 

One  of  the  overriding  constraints  on  the  pi’ogram  was  that  the 
electrostatic-study  instx'umontation  bo  carried  on  a  "plggy'baok'*  basis. 

It  could  not  Intoi’fex'o  in  any  way  with  oithor  the  mechanical  or  electrical 
functioning  of  oithor  the  x'oekot  or  the  payload,  litis  meant  that  the 
sensors  had  to  bo  dosigned  in  such  a  way  that  thoi'O  was  no  question  of 
their  mechanical  integrity,  and  that  thoir  instollation  did  not  compromise 
the  intogx'ity  of  tho  vehicle  and  poyload  system,  llieso  constraints 
limited  the  sensor  designs  that  could  be  cousidoi'od.  For  example,  it  was 
not  possible  to  consider  sensors  mounted  on  booms  or  struts  protruding 
fx'om  the  mold  linos  of  tho  rocket  since  such  a  design  would  require 
extensive  analysis  and  testing  to  verify  its  mocbaulcal  integrity  in 
the  Titan  IIIC  launch  environment. 

1.  Field  Meter 

The  field  meter  developed  for  this  program  Is  of  the  rotatlng- 
vane  design.  The  detector  head  is  mounted  in  a  hole  In  the  skin  In  such 
a  manner  that  the  meter  vanes  are  exposed  to  the  exterior  of  the  vehicle 
as  shown  In  Figure  1.  Uovemeut  of  tho  grounded  rotor  shown  in  the  figure 
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FIGURE  1  FIELO-MF.TER  INSTALLATION  ON  TITAN  III  ROCKET 


cavi^ou  the  stator  to  he  alternately  exposed  to  and  shielded  from  the 

exterior  environment.  In  this  way  an  alternatlnR  slpnal  Is  generated 

In  the  stator  as  the  rotor  chops  the  ambient  electric  field  at  the  skin 

or  ns  It  chops  o  convection  current  to  the  skin.  These  two  signals  are 

B 

in  phase  quadrature,  and  for  low-altitude  airborne  measurements,  only 

the  "in-phaso”  slBnal  Kcnerated  by  chopplni:  the  true  electric  field  Is 

measured.  Althou^'h  the  "quadrature”  rospon.se  of  tl>e  field  meter  to 

convection  currents  is  not  a  very  useful  physical  |)aramoter,  it  does 

provide  a  basis  for  evaluatlnp;  the  behavior  of  tho  field  meter  in  the 

Ionosphere.  In  the  present  field-meter  system,  therefore,  both  the 

"in-phaso"  astd  "quadrature"  components  of  the  stator  slijnal  are  detected. 

7 


To  ensure  its  proper  operation,  the  field  meter  must  not  be 

located  near  plastic  surfaces,  which  may  accumulate  charge  and  distort 

the  electric  field  at  the  meter  location.  In  detemlning  a  location  for 
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the  field-meter  sensor,  the  transtage  (Stage  III)  of  the  vehicle  was 
attractive  because  this  section  remains  intact  and  operational  until 
payload  orbital  injection  seven  hours  after  launch.  This  part  of  the 
fairing  is  covered  with  a  5-mil-thick  layer  of  special,  themal-control 
silicone  paint  of  sufficient  electrical  quality  to  maintain  an' electric 
charge  on  its  surface  for  extended  periods  of  time.  This  problem  was 
overcome  by  installing  a  21-by-30-inch  sheet  of  Alzak  (an  electropolished, 
anodized  soft  aluminum)  on  the  skin  of  the  vehicle  suri'ounding  the  field 
meter.  This  material  has  optical  characteristics  that  make  it  suitable 
for  use  as  a  thermal-control  material  on  the  surface  of  the  Titan  IIIC, 
and  laboratory  tests  demonstrated  that  it  retains  a  sufficiently  small 
charge  on  Its  surface  to  permit  it  to  be  used  around  the  field  meter. 

2,  Charging  Rate  and  Particle  Counter 

The  charging  rate  and  particle  count  are  determined  with  one 
sensor  and  appropriate  signal  processing.  The  particle  counting  is  d)ne 
by  processing  pulses  produced  by  individual  particle  charge  deposited  on 
the  sor.sor  plate,  and  the  charging  rate  is  obtained  from  the  average 
current  flowing  to  the  plate  os  o  result  of  those  char-ge  deposits.  Using 
data  fi-om  aircraft  flight  tests  for  particle  density  and  chui'go  per 
particle,  the  maximum  chorging  rate  and  counting  rate  at  Mach  1  should 
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bo  of  the  order  of  one  milliampero  per  square  motor  and  10  pax'ticles 

Q 

per  second  per  squai'e  motor.  A  patch  area  of  the  oi*dor  of  100  cm  could 

thus  collect  a  maximum  current  of  10  dA  and  intercept  particles  at  a 
5 

maximum  x'ato  of  10  particles  per  second.  Since  these  maximum  rates 
occur  infrequently  even  on  aircraft,  the  sensing  system  was  designed 
with  a  dynamic  range  such  that  the  lower,  mere  frequently  encountered 
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rates  can  be  measured.  The  patch  area  of  100  cm  thus  provides  adequate 
current  sensitivity  and  particle  discrimination,  and  with  such  an  area 
the  capacitance  of  the  patch  is  sufficiently  low  that  reasonable  particle 
pulse  amplitudes  are  produced. 


( 

t 


A  photograph  of  the  particle  sensor  used  on  the  Titan  IIIC  is 
shown  in  Figure  2.  The  entire  assembly  is  made  of  O.OSO-inch- thick 
stainless-steel  pieces  cemented  to  a  fiberglass  substrate.  Tlie  particle 
electrode  is  simply  the  3-by-30-cm  rectangle  of  stainless  steel  shown  in 
the  lower  part  of  the  photograph.  For  best  particle-pulse  definition, 
the  sensor  should  be  a  conducting  strip  with  its  longest  axis  oriented 
at  right  angles  to  the  flight  path.  With  this  arrangement,  particles 
remain  close  to  the  skin  as  they  cross  the  sensor  electrode  and  gap,  and 
generate  short,  high- amplitude  pulses.  Ideally,  the  dimensions  of  the 
particle-counting  probe  along  the  direction  of  flight  should  be  smaller, 
and  the  pi'obe  should  be  located  away  from  the  body  of  the  vehicle— for 
example,  on  a  boom  extending  out  from  the  body.  Such  an  idealized  design 
was  not  possible  within  the  constraints  of  the  present  program.  Accordingly, 
the  design  of  Figus.'o  2  represents  the  nearest  practical  opproach  to  the 
idealized  design. 

The  iustruuentaticA}  for  studying  frontal  chux'ging  is  shown  in 
block  foxiu  in  Figure  3.  Particles  inqilnging  on  the  sensor  induce 
current  pulses,  the  ac  components  of  which  are  fed  through  the  coupling 
capacitor,  C,  to  the  input  of  the  pulso  ompllfior  located  immediately 
behind  the  sensor.  Hie  Input  resistor,  R,  is  chosen  to  that  UC  (where 
C  la  tile  stray  capacitance  to  ground  of  the  input  circuit)  is  small 
Gompored  to  the  time  between  successive  pulses.  The  pulses  out  of  the 
ompllfior  ore  fed  to  on  absolute-value  amplifier.  The  unipolar  pulses 
from  the  output  are  used  to  trigger  a  pair  of  one-shot  multivibrators. 

The  output  from  ouch  multivibrator  is  integrated  and  used  to  drive  a 
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channel  of  the  telemetry  system.  Since  all  of  the  output  pulses  produced 
by  a  particular  multivibrator  are  of  identical  shape,  the  output  from 
the  integrator  is  linearly  proportional  to  the  PRF  of  the  pulses  at  the 
input.  Thus  the  output  is  linearly  proportional  to  the  particle  implng- 
ment  rate.  Wider  dynamic  range  for  the  system  is  achieved  by  setting 
the  multivibrator  constants  such  that  the  top  multivibrator  produces 
wider  pulses  than  the  lower  one.  Thus,  for  a  given  pulse  rate,  the  top 
multivibrator  produces  a  higher  dc  output  from  its  Integrator  than  the 
lower  multivibrator. 

The  dc  component  of  the  current  deposited  on  the  probe  flows 
to  ground  through  the  low-pass  RC  filter,  the  input  resistance  of  the 
differential  amplifier,  and  R  .  The  voltage  developed  by  this  current 

A 

flowing  through  the  differential-amplifier  input  is  amplified  and  used 
to  drive  a  telemetry  channel.  Ttte  value  of  the  Ipw-pass-filter  input 
resistor  R^  is  chosen  to  bo  high  with  respect  to  R.  Also,  R^  is  located 
physically  close  to  the  probe  so  that  the  charging-current  circuitry  is 
effectively  decoupled  from  the  particle-counting  circuitry.  Switch  S 
is  open  the  entire  time  that  frontal-chorging  measurements  are  being 
made,  so  that  the  power  supply  V  is  not  connected  to  the  differential 
amplifier  during  this  time.  (Actually,  the  switch  is  open  as  long  as 
the  payload  fairing  is  on  the  vehicle.)  The  purpose  of  the  power  supply, 
the  switch,  and  the  ion-piobo  lead  is  to  permit  the  particle-current 
circuitry  be  used  as  a  Langmuir  ion  probe  in  the  ionosphere,  It  was 
lai’goly  this  ability  to  use  the  same  dc-current-measurlng  circuitry  both 
for  low-altitude  frontal-chai’glng  studies  and  for  ionospheric-electron- 
density  measurement  that  dictated  the  choice  of  the  fixed  negatively 
biased  Langmuir  ion  probe  for  electron-density  determination. 
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3.  Streamer  Counter  and  Dielectric  Charging 


The  streamer  patch  Is  designed  to  provide  a  direct  measure  of 
Irontal-dlelectrlc-surlace  charging  and  streamer-discharge  occurrence. 

The  streamer  pulse  rate  and  the  streamer  current  to  an  Isolated  dielectric 
patch  were  measured  using  signal-processing  electronics  similar  to  that 
used  with  the  particle-charging  system  discussed  in  the  previous  section. 

Since  the  charge  transferred  In  a  streamer  discharge  la  at 
least  an  order  of  magnitude  greater  than  that  transferred  in  an  individual 
particle  impact,  It  la  possible  to  discriminate  between  streamers  and 
particles  striking  the  patch.  Furthermore,  the  intercept  area  for 
particles  was  made  small  by  using  only  a  fine  conducting  border  about  a 
dielectric  surface  as  the  streamer  collector.  A  streamer  patch  about 
the  same  size  as  the  charglng-rate  patch  thus  has  about  the  same  avera^ 
charging  current,  while  the  streamer  pul.'^e  count  will  bo  about  one-tenth 
the  count  of  the  particle  patch. 

The  fom  of  the  sensor  evolved  for  streamer  studies  is  shown 
in  the  upper  part  of  the  photograph  of  Flgui'e  2.  A  region  of  dielectric 
3  by  30  cm  is  exposed  to  impinging  particles.  The  streamer  electrode 
Is  a  0.005-lncU-thick  strip  of  stainless  steel  insulated  from  the  rest 
of  the  structure  and  protruding  0,005  inch  onto  the  dielectric  from  the 
lower  edge  of  the  rim  ax'ound  the  dielectric  region.  Chai’ge  deposited 
on  the  dielectric  surface  is  relieved  by  3ti<eamors  to  the  streamer 
electiode  or  to  the  surrounding  metal  structmo.  These  streamer  discharges 
generate  pulses  in  the  3troamoi>*sensor  oloctrode.  The  dc  current  flowing 
to  the  streamer  electrode  is  very  nearly  equal  to  one-half  the  charging 
current  arriving  on  the  isolated  dielectric  region  (the  other  half  of 
the  current  flows  to  the  g^^ounded  sui*roundlng  structure). 

The  electronic  system  used  for  the  streamer  studies  is  of  the 
same  form  as  that  Indicated  in  Flgui'e  3.  Since  sti’eamer  pulses  uro  much 


more  energetic  than  the  pulses  generated  by  Individual  precipitation  or 
dust  particles,  the  gain  of  the  pulse  amplifier  in  the  system  is  reduced. 
The  dc-current-measuring  system  is  identical  to  that  used  in  the  particle 
charging  studies,  since  the  charging  ai*eas  are  very  nearly  the  same  in 
the  two  cases,  and  the  currents  should  be  the  same.  The  design  df  the 
system  is  such  that  the  streamer-current  electronics  are  used  to  measure 
current  from  a  second  Langmuir  ion  probe  in  the  ionosphere. 


4.  Summary  of  Characteristics  and  Sensitivities 

The  characteristics  and  sensitivities  of  the  various  components 
of  the  Titan  llIC  instinimentation  system  are  shown  in  Table  1.  It  is 

Table  1 

SUMMARY  OF  TITAN  IlIC  INSTRUMENTATION  CHARACTERISTICS  AND  SENSITIVITIES 


Sensor 

Pax'omoters  Measured 

Nominal  Range 

Field  meter 

' 

Electric  field  (high  gain) 
Electric  field  (low  gain) 
Convection  current  (high  gain) 
Convection  curj'ont  (low  gain) 

±10  kV/m 
±300  kV/m 
±0.1inA/m^ 

±3  raA/ra^ 

Particle 

Counter 

Particle  impacts  (low  count) 
Particle  impacts  (high  count) 

0  to  1,000  pps 

0  to  20,000  pps 

Streamer 

Counter 

Streamer  pulses  (low  count) 
Str'jamer  pulses  (high  count) 

0  to  500  pps 

0  to  10,000  pps 

Particle- 

current  sensor 

Current  (high  gain) 

Cux’ront  (low  gain) 

±0.1  nA 
±3  rA 

Ion  Ptobe  No.  2 

Current  (high  gain) 

Current  (low  gain) 

0  to  0.1  pA 

0  to  3  pA 

Stieamor- 

current  sensor 

Current  (high  gain) 

Current  Clow  gain) 

±0.1  UA 
±3  pA 

Ion  Probe  No.  1 

.....  .... 

Current  (high  gain) 

Curf'ent  (low  gain) 

0  to  0.1  pA 

0  to  3  pA 
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evident  that  dymanlc  range  was  achieved  by  employing  two  linear  data- 
output  channels  (differing  in  sensitivity  by  up  to  30  dB)  for  each 
parameter  measured.  The  sensitivity  limits  for  each  measurement  were 
established  using  best  estimates  for  expected  values  of  the  measured 
parameter.  Details  of  these  considerations  ax%  presented  in  Eef.  8, 

5.  Installation  of  Teat  Vehicle 

The  general  form  of  the  Titan  lllC  test  vehicle  and  the  physical 
placement  of  the  electvoatatic-atudy  instt'umentation  on  it  are  shown  in 
Figure  4.  All  of  the  electronics  and  sensors  are  located  either  in  the 
tx’anstage  or  the  payload  fairing.  Both  of  these  structures  stay  with  the 
vehicle  throughout  the  early  staging.  The  payload  fairing  is  Jettisoned 
280  seconds  into  the  flight  at  an  altitude  of  400,000  feet.  Tlie  tran- 
stage  remains  intact  and  operating  until  the  time  of  payload  orbit 
injection. 

A  more  detailed  illustration  of  the  iivstinimont  locations  is 
given  in  Figure  S.  Ihe  purticle/stroumer  sensor  is  installed  on  the 
outside  surface  of  a  door  in  the  nose  of  the  payload  fairing.  (The  pt'e- 
amplifier  associated  with  this  sensor  is  located  Immedtutoly  behind  the 
setfsor  on  the  Inside  of  the  door.)  Tills  location  was  chosen  because  it 
places  the  surface  of  the  sensor  at  ixiughly  40'’  to  the  axis  of  the  I'ocket. 
This  location  is  away  £1*001  the  stagnation  region  at  tiie  nose,  but  still 
not  so  far  back  on  the  i*ackot  that  the  seiiisur  is  shielded  from  the 
particles.  A  location  on  the  vehicle  at  90®  fi-om  the  target  direction 
was  chosen  to  mittlmlzo  chaiigos  in  particle  in^lngement  resulting  from 
changing  oirflow  patterns  about  the  pi'obo  during  vehicle  maneuvering. 

Hie  in-flight  taaneuvering  of  the  Titan  11 1C  is  such  that  the  pitch  o£ 
the  rocket  (in  the  plane  of  the  target  direction)  is  non-zero,  and  changes 
from  time  to  time  during  the  flight.  Ko  deliberate  changes  are  made, 
however,  in  the  yaw  direction,  and  the  yaw  angle  is  taaiutalncd  noor  zero 
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FIGURE  4  SKETCH  OF  TITAN  IIIC  TEST  VEHICLE 


throughout  the  flight.  Thus  the  airflow  patterns  about  the  sensor  should 
be  constant  during  flight. 

To  avoid  particle  Impingement,  the  field-meter  sensor  was 
located  on  the  side  of  the  rocket  away  from  the  target  direction.  Since 
the  vehicle  operates  in  a  pitched-up  attitude  during  much  of  the  launch 
trajectory,  the  back  side  of  the  vehicle  is  shielded  from  particles. 

B.  Ground  Instruments 
1.  Titan 

As  was  indicated  earlier,  the  purpose  of  the  Titan  ground 
experiments  was  to  generate  data  to  supplement  those  from  the  flight 
vehicle,  end  to  provide  a  common  set  of  measurements  to  unify  the  Apollo 
and  Titan  electrastatic  experiments.  As  is  indicated  in  Ref.  B,  the 
Apollo  experiments  were  designed  to  use  launch  pertux'bations  in  the 
grouud-electtx>static-field  structure  to  infer  os  much  as  possible  about 
the  electrical  appearance  of  the  launch  vehicle  (o.g.,  whether  the  vehicle 
is  highly  ehax'god,  and  whether  the  conducting  portlcm  of  the  plume  is 
thousands  of  foot  long).  The  SRl  Apollo  insti'umontatlon  consisted  lax'goly 
of  field  motors  artayod  on  tho  gi’ouud  around  tho  launch  pad  ond  on  tho 
launch  tower,  A  similar  gxound  installation  was  usod  for  tho  Titan 
launches , 

A  drawing  of  tho  launch  pad  showltig  tho  five  gx’ound  field-meter 
loootlous  is  given  in  Figui’e  6,  Hold  motors  wox*o  installed  at  the 
following  stations i 

•  Track  by  tower  (A),  320  ft  fiom  pad 

•  Guax’d  gate  <D),  610  ft  from  pud 

•  Outside  fence  <C),  1090  ft  fi'om  pod 

•  I'lamo  trench  (D),  430  ft  fxx>m  pad 

«  Umbilical  tower  (E),  170  ft  above  pad 
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FIGURE  6  GROUND  FIEiO-METER  INSTALLATION  ON  TITAN  III  FIRING 


During  the  early  part  of  a  Titan  launch,  the  exhaust  is  directed  east¬ 
ward  via  the  single  exhaust  duct  extending  east  of  the  pad  as  shown  In 
Figure  6.  To  minimize  coupling  to  the  exhaust  products  (which  generally 
are  charged),  a  set  of  field  meters  A,  B,  and  C  was  set  out  In  a  line 
to  the  south  of  the  pad  at  right  angles  to  the  exhaust  duct.  Field  meter 
D  was  positioned  slightly  north  of  the  exhaust-duct  axis  to  couple 
strongly  to  the  exhaust  products.  Field-meter  £  was  located  on  the  top 
of  the  170-ft  umbilical  tower  to  couple  strongly  to  the  rocket  as  It 
moves  by  the  tower.  In  an  effort  to  measure  the  potential  of  the  vehicle 
as  It  moves  by. 

A  photograph  of  a  typical  ground  field-meter  Installation  la 
shown  In  Figure  7.  All  the  electronics  and  the  strip-chart  recorder 
wore  housed  In  a  plywood  box  that  protected  the  system  from  the  weather 
and  pi<ovlded  a  convenient  boae  for  sandbagging  to  protect  the  Instrumen¬ 
tation  from  the  launch  blast.  The  field-meter  detector  head  is  positioned 
upside  down  13^  inches  above  ground  ond  a  few  feet  toword  the  pad  from 
the  instrumentation  box,  (Inverted-fiold-metor  oporotlon  avoids  problems 
with  the  motor  bearing  and  insulator  design  when  the  sensor  must  be 
opex'atod  in  the  rain.)  Electrostatic  cage  calibx'ations  provided  the 
true  ambient  electrostatic  field  from  the  field  thot  was  road  at  the 
detector  face. 

A  photograph  of  the  field-motor  installation  on  top  of  the 

umbilical  tower  is  shown  in  Figure  8.  The  field-motor  detector  head  is 

positioned  upside  down  20  inches  above  the  top  of  the  tower.  The  field  meter 

installed  on  the  umbilical  tower  is  one  of  tho  heavy-duty  units  developed 

for  the  Titan  III  onboux’d  field  measurements,  and  was  qualified  to  a 

8 

160-dB  acoustic  envix'onaent,  and  to  u  1360-g  peak  Shock.  Electx'ostotic 
cage  collbrations  indicate  that  the  ombient  eloctx'oatatic  field  ot  the 
lield-metor  location  on  top  of  tho  tower  Is  27%  of  the  field  reading  at 
tho  motor  faco.  Also,  tho  umbieut  field  that  would  exist  at  ground  levol 
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FIGURE  7  TYPICAL  TITAN  III  GROUND  FIELD-METER  INSTALLATION 


v:i 
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l3  12%  of  tho  ambient  field  at  the  top  of  the  tower  at  the  field-meter 
location.  Thus,  to  obtain  true  tower-top  fields,  f ield-meter-E  readings 
must  be  multiplied  by  0.27  while,  to  obtain  the  true  ambient  earth's 
field,  fleld-meter-E  readings  must  be  multiplied  by  0.12  X  0.27  =  0.032. 

2.  Apollo  Launch  Instrumentation 

9 

The  SRI  field-meter  layout  used  during  the  Apollo  14  launch 
is  shown  in  Figure  9.  Field  meters  for  the  Apollo  14  launch,  and  also 
for  the  Apollo  13  launch,  were  Installed  at  the  following  locations: 

•  Crawlerway,  5740  ft  from  pad 

(slightly  north  along  crawlerway  road  for  Apollo  13} 

•  Slldewlre,  2780  ft  from  pad 

•  Parking  lot,  2500  ft  from  pad  (only  Apollo  13) 

•  Camera  pad  5,  1310  ft  from  pad 

•  Camera  pad  4,  1300  ft  from  pad 

•  Umbilical  tower— LUT,  340  ft  above  pad  (only  Apollo  14). 

During  Apollo  launches  tho  exhaust  is  channeled  into  two  flame  trenches: 
one  extending  north  of  tho  pad  and  tho  other  south  of  tho  pad  as  shown 
in  Figure  9, 

Tho  main  Apollo  ari’ay  of  throe  field  motors,  ut  camern-pud  5, 
crawlorway,  and  slidowii*o  sites,  is  located  along  a  line  x*oughly  at  right 
angles  to  the  flame  trenches  and  is  analogous  to  the  main  Titan  arx*ay 
of  throe  field  motors  south  of  tho  Titan  launch  pnd.  Apollo  fiold-motcr 
sites  at  camera-pad  4  and  tho  parking-lot  (Apollo  14  only)  ore  comparable 
to  tho  Titon  flomo-tx'ouch  sito  in  that  they  all  couple  tightly  to  tho 
flume  trenches.  It  should  he  noted  thot  Apollo  sites  are  locoted  further 
awoy  from  the  pad  than  the  Titan  sites.  A  field-motor  liuttullation  wos 
also  placed  340  ft  up  tho  380-ft  luuiicli  umhlllcal  tower  (UJT)  for  tho 
Apollo  14  launch  to  couple  strongly  to  the  Saturn  as  it  was  passing 
tho  tower. 
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FtGURS  S  INSrVt?5i^<tr4TAT£Oti  FOR  APOLLO  t4  LAUNCH 


Ill  DESCRIPTION  OF  FLIGHT 

A.  Titan  IIIC-20 

The  Titan  IIIC-20  flight  was  conducted  in  early  Spring  of  1971. 

Time  of  SRM  ignition  was  0743:01.24  GMT. 

14 

A  general  Titan  III  mission  is  described  as  follows:  The  vehicle 

Is  launched  at  the  Air  Force  Eastern  Test  Range  (AFETR)  on  a  93°  flight 
azimuth.  The  transtage  and  payload  are  injected  into  an  orbit  of  80  X  95 
nml  at  the  completion  of  the  Stage  II  burn.  The  transtags  engines  are 
then  Ignited  and  a  transfer  maneuver  is  performed  at  the  first  equatorial 
crossing  (over  the  Atlantic).  This  transfer  maneuver  pi-oduces  an  orbit 
with  an  apogee  of  19,323  nmi.  When  the  apogee  is  reached,  the  transtage 
engines  are  ignited  for  the  second  time  and  a  plane  clvange/circularization 
maneuver  is  perfotmied.  This  maneuver  produces  a  synchronous  orbit  (19,323 
nml)  in  the  equatorial  plone.  Shortly  after  the  second  shutdown  of  the 
transtage  engines,  the  vehicle  is  reoriented  to  the  payload-separation 
attitude.  Following  payload  separation  the  Attitude  Control  System  (ACS) 
and  main  engines  of  the  transtage  are  disabled,  and  the  Titan  111  por¬ 
tion  of  the  mission  is  completed.  Thermal  maneuvers  are  performed  while 
the  rocket  is  in  the  transfer  orbit  orientation.  This  orientation  re¬ 
sults  in  the  transtage  roll  axis  being  aligned  within  20°  of  the  launch- 
site  inertial  vertical  with  the  outer  gimbal  equal  to  ±  160°.  Ihis 
roll-axis  attitude  is  held  constant  while  a  back-and-forth  roll 
maneuver  of  t  112°  amplitude  is  maintained.  At  each  extreme  there  is 
a  dwell  time  of  276  ±5s.  The  roll  rate  used  is  1.0  +  0.1,  -0“/8. 

Launch  time  is  chosen  such  that  the  insolation  vector  is  within  a  60° 
half-angle  cone  measured  forward  and  aft  from  a  plane  normal  to  the 
transtage  roll  axis.  Dur'ing  the  transfer  period,  these  thermal-orientation 
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I 


maneuvers  are  Interrupted  three  times  to  allow  the  attitude  control 
system  to  orient  the  vehicle  to  an  attitude  that  permits  the  ground 
station  to  receive  telemetry  data  from  the  vehicle. 

A  clear  stable  atmosphere  and  no  cloud  formations  existed  in  the 
AFETR  area  at  the  time  of  the  Titan  IIlC-20  launch. 

All  test  Instruments  worked  on  the  ground  and  in  flight  to  synchronous 
orbit.  Interesting  electric-field  data  were  recorded  on  the  ground  prior 
to  launch  and  up  to  1  or  2  minutes  after  launch  (corresponding  to  vehicle 
altitudes  of  36  to  135  kft).  Flight-test  data  were  obtained  during  the 
following  six  telemetry  windows: 


Boost  phase 
First  transtage  burn 

Coast  phase 

Second  transtage  burn 
and  payload  ejection 

A  post-flight  reconstruction  of  the  C-20  trajectory  was  made  available 

I 

by  Martin  Marietta  Corp.  covering  all  powered  phases  of  flight.  ACS 
activity  was  identified  on  the  reconstruction  for  all  telemetry  windows. 
Sun  orientation  relative  to  vehicle  roll  axis  and  roll  plane  was  also 
avoilable  for  vehicle  flight  events  during  ionosphere  flight. 

B.  Titan  lIlC-21 

Ihe  Titan  inC-21  flight  was  oonducted  in  Fall  1S71.  Time  of  SlilM 
ignition  was  0309:05.44  OMT. 


Approximate  Altitude 

40  to  400,000  ft 

80  to  150  nml 

- 

310  to  430  nml 

1350  to  1450  nml 
1830  nml 

. 

19,300  nml 
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The  general  mission  of  the  C-21  flight  is  similar  to  that  described 
for  the  C-20  vehicle  except  that  a  double  payload  was  released  at  19,400 
nml  during  sequential  times. 

Flight-test  data  were  obtained  in  the  following  seven  telemetry 
windows : 


Approximate .Altitude 


Boost  phase 

20 

to  500, 

,000  ft 

Park  orbit 

80  nml 

First  transtage  burn 

100  to  200  nmi 

4,200 

nmi 

Transfer  orbit 

I 

14,200 

nmi 

18,600 

nmi 

Second  transtage  burn 

and  satellite  ejections 

o 

o 

nmi 

Data  concerning  powered  flight  trajectory,  ACS  octivlty,  and  flight- 
evont  sun  orientation  wore  made  available  fox*  the  C-21  flight  by  Martin 
Marietta  Cox’p.  ACS  Jot  prossux*o  data  wore  also  px'ovided  for  correlation 
with  electi’ioul  measui'omonts. 
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IV  LIFT-OFF  PHASE 


Airborne  Data 
1.  Titan  HIC-20 


Onboard  instrument  data  for  the  first  minute  after  launch  are 
shown  in  Figure  10.  In  general,  particle  and  streomer  sensor  activity 
was  very  minimal.  This  is  to  be  expected  in  view  of  the  clear  weather 
conditions  at  the  time  of  launch.  In  fact,  the  only  indications  from 
these  two  sensors  in  this  flight  regime  consist  of  a  few  particle  counts 
(25  to  50  ppa  moaaui’ed  starting  at  roughly  20  kft  altitude).  There  was 
no  accompanying  indication  of  particle  or  streamer  current  and  no  change 
in  vehicle  potential  indicating  chai’go  accumulation  on  the  rocket.  It 
is  not  clear,  therefore,  what  intertu’etatiou  should  bo  placed  on  the 
burst  of  pax'tiolc-countor  activity. 

The  field-meter  record  at  the  time  of  launch  is  fur  more 

interesting.  In  view  of  the  existing  stable  and  clour  meteorological 

conditions  at  luunehi  rocket  cltui*ging  is  ovidontly  caused  by  processes 

in  the  ionised  I'ocket  exhaust.  It  is  seen  that  the  C-20  vehicle  begins 

chsx*gitig  negatively  about  2  s  after  SiiM  ignition.  (See  Appendix  A  for 

polax*ity  convention  adopted  in  this  i^eport.)  llio  rocket  potential  remains 

at  uppimlmatcly  -20  kV  until  about  T  s  after  liftoff  (at  0743i09.5), 

when  ths  rocket  altitude  is  050  ft.  Tlio  subsequent  abrupt  inci'easc  in 

iiegatlve  potential  can  be  iuterproted  to  indicato  that  the  highly 

conductive  portion  of  the  xxiekot  exhaust  breaks  contact  with  the  ground 

15 

at  650  ft.  This  behavior  is  consistent  with  the  Apollo  woiic  of  Uman; 
he  has  indicated  that  the  visible  rocket  plume  (length  appioximatoly 
625  ft  at  ground  level)  is  a  unifoxuly  good  conductor,  but  that  the 

20 
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FSGUBE  10  LAUNCH  DATA  FROM  TITAN  UIC-20 


conductivity  drops  quite  rapidly  with  further  increasing  distance  along 
the  exhaust  trail. 

Launch  movies  indicate  that  when  the  rocket  reached  an  altitude 
of  about  600  ft,  the  exhaust  clouds  in  the  vicinity  of  the  pad 
changed  from  a  grayish,  white  appearance  to  a  I’eddish,  orange  appearance. 
Tlie  portion  of  the  rocket  plvune  impinging  on  the  pad  also  exhibited  this 
change  at  about  1000  ft  rocket  altitude.  This  visible  change  in  exhaust 
characteristics  appai'ently  indicates  a  cooler  exhaust  and  a  concomitant 
reduction  in  plume  conductivity. 

The  C-20  vehicle  reaches  200  kV  negative  potential  about  12  s 
after  SRM  ignition  at  an  altitude  of  1.4  kft.  The  potential  is  held 
nearly  constant  at  200  kV  for  nearly  5  s.  (Limiting  probably  occurs  as 
the  result  of  corona  discharges  from  vehicle  extremities.)  Altogether, 
the  rocket  potential  remains  above.  50  kV  between  800  and  4000  ft  (9  to 
20  s  after  ignition).  At  these  altitudes  the  vehicle,  as  viewed  by 
camera,  is  trailed  by  an  exhaust  plume  removed  from  local  exhaust  clouds 
generated  in  the  launch  area.  The  vehicle  returns  to  approximately  zero 
potential  34  s  after  lauvjch  at  an  altitude  of  12  kft.  At  this  altitude 
the  rocket  plume  is  not  visible  in  the  launch  movies.  This  behavior  agrees 
with  aircraft  experience  where  engine-charging  curre.nt  monotonlcally 
decreases  as  the  aircraft  climbs* 

We  may  now  use  the  rate  of  change  of  rocket  potential  to  oatiraate 

rocket-engine  charging  current.  From  Figux’e  10  wo  observe  that,  during 

the  period  of  rapid  potential  increase,  /lV/5t  »  -10  V/s,  From  nioasuro- 

ments  made  on  a  scale  model  of  the  Titan  IIIC  vehicle,  the  self-capacitance 

C  of  the  vehicle  is  1000  pF,  The  charging  current  i  ,  is  given  by 

ch 

i  ,  a  C  hV/5t 

-9  5 

=  -10  X  10  (1) 

=  -100  , 
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Both  the  polarity  and  magnitude  of  the  charging  current  are  in  good 

agreement  with  engine  charging  current  observed  on  large  American  jet 

aircraft.  These  currents  were  In  the  range  100  to  200  [iA  for  "dry" 

takeoffs  (with  the  aircraft  charging  negatively),  and  increased  by  a 

factor  of  3  to  5  during  water  injection.  In  a  series  of  tests  on  17 

small  solid-fueled  motors,  Boeing  measured  charging  currents  in  connection 

17 

with  its  minuteman  program.  The  motors  were  in  the  200-to-500-lb 

thrust  range.  The  chargii^  currents  varied  from  less  than  0.1  |jA  for  the 

200-lb-thruat-motors ,  to  slightly  over  2  ijA  for  the  300-lb- thrust-motors. 

The  motors  apparently  charged  to  a  negative  polarity.  Although  it  is 

not  clear  how  one  should  scale  data  from  a  200-to-500-lb  rocket,  to 

6 

apply  a  Titan  llIC  with  a  thrust  of  1.2  X  10  IV  at  least  the  polarities 
are  in  agreement,  and  the  small  rocket-motor  c  .  jnt  is  substantially 
smaller. 

If  we  assume  that  the  I'ocket-motor  charging  processes  remained 

unchanged  from  liftoff  to  030  ft  altitude,  wo  can  estimate  the  plunge 

resistance  R  required  to  I'ostrict  the  vehicle  potential  to  20  kV  during 
P 

this  time.  Employing  Olyn's  law 

R  =  7 
P  I 

whore  V  w  Vehicle  potential 
1  Cl  Charging  cux'ront 


and  substituting  numerical  values,  we  obtain 


K 

P 


2  X  lo'^ 
100  X  io‘ 


s  200  un  . 


2.  Titan  IIlC-21 

Data  gonex'uted  by  onboard  Insttnuionts  during  the  flsrst  minute 
alter  C-21  launch  arc  shown  In  Plgux'o  11.  Ibis  record  obviously  shows 
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far  more  activity  than  the  C-20  data  in  Figure  10.  Inspecting  the  rocket- 
potential  record  in  Figure  11  we  see  that  in  the  first  two  seconds  after 
ignition,  the  field  meter  indicated  a  field  change  corresponding  to  a 
positive  potential  of  50  kV  on  the  rocket.  It  is  not  clear  what  physical 
explanation  should  be  offered  for  this  Initial  positive  potential 
excursion.  The  rocket  has  barely  moved  from  the  pad,  so  that  the  plume 
is  certainly  in  good  contact  with  the  ground;  thus,  based  on  the  C-20 
experience,  one  would  expect  the  rocket  potential  to  be  low.  Seeking 
some  transitory  charging  process  involving  the  rain  does  not  seem 
promising  because  the  field  meter  was  exposed  to  the  rain  and  its  reading 
was  steady  until  SRM  ignition. 


Following  the  initial  positive  excursion,  the  potential  assiuned 
a  low  negative  value  and  remained  there  until  0309:14  when  the  rocket 
reached  650  ft  altitude.  At  this  time  the  potential  rapidly  Increased 
to  a  maximum  of  -lOO  kV.  This  rapid  potential  chonge  again  suggests 
that  the  conductive  plume  breaks  contact  with  the  ground  when  the  x'ocket 

4 

roaches  650  ft.  The  rate  of  potential  increase  Is  AV/A  t  a  -6.5  X  10  V/s. 

4  -9 

This  corresponds  to  a  chEi’glng  current  of  l^j^^  =  -5,5  X  10  (10  )  a  -55  pA, 

wtdob  is  ix>ughly  half  the  raokot-motor  chargltig  cun'ont  observed  during 
the  launch  of  C-20,  After  x'oaching  -100  kV,  the  x'oekot  potontial  gx'adually 
decreased  and  remained  within  the  X’Uivgo  itlD  kV  fox*  the  XHxst  of  the  flight 
thxtxugh  tho  atmosphox‘0. 

Both  the  particlo-  and  stx'oamcx'-countor  channels  indicate  that 
negative  chax*ge  is  arriving  on  the  sensor  immediately  after  SUM  ignition. 

It  is  vex’y  likely  that  theso  sornsov  cux'X’outs  do  not  x'cpx’eocnt  actual 
cbax'go  arriving  on  the  votilcle,  but  x’athor  are  electrochemical  cux'X'onts 
flowing  in  each  px’obo  system  bocauso  tho  paxibos  are  wet  from  the  x'aln. 

(Tlte  pxxxbos  weio  uncovered  prior  to  launch, )  Although  the  sensox’s  wex'o 
made  ontlx'oly  of  stainless  steel,  thox'O  Is  often  sufficient  difference 
in  tho  metals  thot  battox'y  action  cun  occur.  This  offoct  was  often 


observed  on  aircraft  flights  through  rain  where  it  was  found  that  the 
current  would  gradually  go  to  zero  after  the  aircraft  left  the  rain  cloud 
and  the  probe  dried. 

True  charging  by  precipitation  begins  unequivocally  at  0309:36  GMT 
at  an  altitude  of  10  kft  when  the  particle  counter  first  indicates 
particle  impacts.  Particle  counting  and  particle  current  persist  until 
0310:00  when  the  rocket  reaches  32  kft  altitude.  This  occurrence  vof 
charging  is  in  agreement  with  the  available  information  regarding  cloud 
structure  at  the  time  of  launch.  Figure  12  shows  the  AGC  (Automatic  Gain 
Control)  record  from  the  AFETR  radar  taken  at  0130  GMT  (roughly  ij  hours 
prior  to  the  launch).  This  record  indicates  that  clouds  existed  from 
10,000  ft  to  at  least  40,000  ft.  At  the  time  the  record  of  Figure  12  was 
made,  there  were  altitudes  in  this  range  (17,000  ft  and  24  to  30,000  ft) 
free  of  clouds.  The  weather  was  so  variable,  however,  that  at  the  time 
of  launch  it  is  quite  possible  that  the  cloud  structure  was  solid  from 
10,000  ft  to  32  kft.  (Roughly  two  hours  after  launch  all  of  the  clouds 
ovar  the  pad  had  cleared  and  stars  were  visible,) 

The  partlclo-pi-obo  data  Indicate  that  negative  chaj-go  is  ari'iving 
on  the  i*ockot.  This  is  in  agreement  with  the  chai'ging  polarity  obaoi’vod 
durUhs  uii'craft  flight  in  prod  pi  tat  ion.  Further  comparisons  with 
aircraft  flight-tost  x-osults  are  also  intox'osting.  For  example,  at 
0309:40  GMT,  when  the  particle  curx'ont  is  maximum,  i  0.3  pA,  the  pax- 

'  p 

3  ^ 

tide  count  N  is  6  X  10  particlos/s  and  the  x’ockot  velocity  v  is 

2 

x^ughly  1000  ft/s  «  SOS  m/s.  Since  the  parttcle-px-obo  ux’oa  is  A  a  100  cm 
2 

^  0.1  ft  ,  this  means  that  the  fx'ontal  chux-glng  x’ato  i/A  a  0. 8/0.1  = 

8  pA/ft  .  This  value  is  in  excbllont  agx*eemont  with  airox^aft  flight-test 

18  2 
axporlonco,  which  indicates  peak  fx'ontal  chai'gitxg  of  5  to  10  pA/ft 

.  2 

in  cirrus  and  30  pA/ft  in  frontal  snow. 


The  particle  density  p  in  the  cloud  can  be  found  from 


P  =  T.T 


.^L 

Av 


=  (2, 

0.01(305) 

3  3 

=  2  X  10  particles/m 
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Aircraft  flight-test  experience  indicates  that  typical  maximum  particle 

concentrations  are,  for  cir  us-type  clouds,  2  X  10^  particles/m^,  and 

4  3 

for  a  thunderhead,  6  X  10  particles/m  .  Thus,  the  Titan  particle- 
density  data  are  an  order  of  magnitude  below  the  maximum  values  measured 
in  the  aircraft  flight-test  programs. 


The  charge  q  acquired  by  each  impinging  particle  can  be  found 
P 

simply  by  dividing  the  particle  current  by  the  particle  count 


“p  = 


Charges  of  the  order  of  10  to  30  |ji.pC  were  measured  during  subsonic 

18,19 

aircraft  flight  tests.  In  more  recent  teats  on  an  P-4  aircraft, 

* 

particle  charges  ot  up  to  100  M+iC  wex’e  measured. 

llie  streamer  study  instrumentation  also  r^f^nerated  interesting 
data  during  the  period  of  maximum  precipitation  ch.^rging.  It  should  be 
noted  thot  streamer  counting  does  not  start  until  0309:45  GMT,  almost 
10  s  after  the  onset  of  particle  counting.  This  is  reasonable  because 
the  plastic  surface  takes  time  to  become  chax'ged  before  sti'ecmer  discharges 

A  report  on  those  flight  tests  Is  cux'rontly  under  preparation  ot  SMI  as 
the  Pinal  Kopoi’t  on  Px'ojoot  7104. 


i  /N 
P 


0.8  X  lo”®  .  .  ..-10 

_  ="  1.3  X  10 

6  X  10 


(3) 


=  130  jX|iC  . 
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can  occur.  It  is  also  interesting  that  the  streamer  current  is  not  steady, 
but  there  are  peaks  of  current  corresponding  to  bursts  of  streamer 


occurrence.  The  charge  q  transferred  per  streamer  discharge  can  be 

s 

estimated  from  the  streamer  current  i  and  the  streamer  count  N  , 

s  s 

using  the  relation 


%  = 


(4) 


For  the  period  of  maximum  streamer  curi-ent  at  0309:45  GMT,  we  find  i  = 

-8  ® 

2  X  10  A  and  N  =  20,  so  that 
s 

2  X  lo"^ 

%  ~  20 

-9 

=t  10  C  , 


This  result  is  in  perfect  ag>:t3t38ont  with  the  I’esults  of  gi'ound**  and 

19 

flight-test  studies  of  streamer  p).'Oco8sos,  where  it  was  found  that 

-9 

the  charge  transferred  per  stre.  <^r  was  1  to  1.5  X  10  C. 

3.  Comporison  with  707  Data 

Although  many  aspects  of  the  Titan  IllC-21  electi'ostutic 
behavior  have  been  similar  to  that  observed  on  laik'ge  jot  aircraft,  there 
01*0  im{)ortant  differences.  FiguiM  13  shows  plots  of  the  potential  of 
the  Titan  niC-20  and  C-21,  together  with  a  typical  rocoi*d  of  the  poten¬ 
tial  of  a  707  oircraft  during  takeoff.  In  the  case  of  the  707,  engine 
choi’glng  causes  the  potential  to  rise  to  100  to  ISO  kV  (depending  on 
whether  water  injection  or  dry  engine  operation  is  being  used)  imacdlotoly 
when  the  wheels  leave  the  graund.  In  the  case  of  the  Titan  llIC,  the 
conductivity  of  the  exhaust  plume  in  contact  with  the  ground  holds  the 
potential  down  until  contact  is  bixikon  at  an  altltudo  of  650  ft.  Then 
the  potential  rises  to  100  to  200  kV. 
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FIGURE  13  COMPARISON  OF  POTENTIAL  OF  70/  AIRCRAFT  IN  FLIGHT  AND  TITAN  III 
IN  LAUNCH 


As  tho  707  clitaUs,  in  clcax*  weather,  its  potoiitiai  gradually 

decx’OQsco  monotoHlcally  to  zura.  li  the  707  encounters  px^elpitatioti, 

its  potential  rises  to  50  to  350  kV  (the  precise  value  depends  on  the 

density  and  type  of  cloud),  llte  potential  of  Titan  II 1C  also  decreases 

to  aero  as  the  rocket  cllttihs.  ilowevori  the  Titan  potential  is  only 

slightly  affected  by  an  encounter  with  precipitation.  I'or  example,  in 

I'igux’O  11  at  time  0300:45  CUV  we  allowed  that  the  frantul  charging  current 
2 

is  8  pA/ft  .  (At  this  vhat'ging  rate,  the  707  iiotentiul  would  roach  150 
kV.)  This  insensitivity  of  t'oeket  potential  to  charging  undoubtedly 
stems  fi*om  the  high  conductivity  of  the  high- temperature  rocket  plume. 


similar  behavior  is  observed  on  fighter  aicraft  equipped  jith  after- 

* 

burners.  For  example,  in  flight  tests  on  an  F-4  at  Eglin  AFB  ,  it  was 
observed  that  operating  the  afterburner  on  takeoff  increased  the  engine 
charging,  thereby  increasing  the  aircraft  potential.  On  the  other  hand, 
if  the  aircraft  was  at  operational  altitude,  the  activation  of  the  after¬ 
burners  served  to  help  discharge  the  aircraft  and  reduce  its  potential. 

It  is  interesting  to  estimate  the  total  precipitation  charging 

2 

current  to  the  Titan  at  the  time  at  which  charging  rate  was  8  pA/ft  . 

Referring  to  Figure  5,  we  note  that  the  payload  fairing  has  a  hemispherical 

nose  followed  by  a  conical  section  that  transitions  into  a  cylinder. 

2 

Let  us  assume  that  the  8-pA/lt  charging  rate  can  be  applied  to  the  entire 

hemispherical  region,  and  that  there  is  no  charging  aft  of  this  point. 

The  diameter  of  the  vehicle  at  the  bottom  of  the  hemispherical  section 

la  x’oughly  7  ft.  Thus  the  projected  frontal  area  effective  in  charging 
2 

is  38.5  ft  . 

From  this  it  follows  that  the  total  chorging  to  Titan  niC-21 
at  time  0309:45  GMT  Is  I^  =  38.5(8)  «  308  pA.  This  current  was  discharged 
via  the  ionized  engine  exhausts  at  vohlclo  potentials  substantially  below 
corona  threshold  level, 

U.  Ground  Data 

The  Titan  11 1C  ground  Instinimontation  array  was  described  in 
Section  11-Q.  Hits  instrumentation  was  used  to  recoi'd  data  during  the 
launches  of  C-20  and  C-21.  Good  data  wore  obtained  on  those  instruments 
on  both  launches.  A  detailed  discussion  of  the  ground  data  ond  its 
lutcrtirotution  is  px*osoiitad  in  Appendix  B.  Some  of  the  essential  details 
will  bo  discussed  here  lor  the  sake  of  continuity. 

* 

A  report  on  those  flight  tests  is  currently  under  preparation  at  SRI 
as  the  Final  Report  on  Project  7104. 
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The  pui^jose  of  these  measurements  was  to  investigate  the  degree  to 
which  information  recorded  from  ground  instnuaentation  can  be  used  to 
infer  the  electrical  characteristics  of  a  vehicle  during  the  early  lift¬ 
off  period.  If  it  were  shown  that  such  ground  measurements  are  indeed 
capable  of  generating  useful  data,  considerable  information  regarding 
vehicle  electrical  parameters  could  be  gained  from  a  wide  variety  of 
vehicles  at  relatively  little  cost. 

On  the  launches  of  both  Titan  IIIC-20  and  C-21  it  was  found  that  in 
the  immediate  vicinity  of  the  vehicle,  large  field  variations  were  observed 
on  the  instruments  located  on  the  gi-ound.  It  was  argued  that  these 
field  variations  px’ot'>bly  stemmed  from  the  fact  that  a  wide  variety  of 
exhaust,  steam,  and  debris  clouds  exist  near  the  launch  tower  and  flame 
trench  in  the  early  stages  of  the  launch.  It  is  likely  that  these  various 
clouds  carry  different  amounts  and  polarities  of  charge,  A  field  meter 
located  near  the  launch  tower  will  be  affected  by  these  clouds  as  they 
pass  by  and  will  indicate  erratic  field  variations. 

The  field  meters  farther  removed  from  the  launch  tower  indicated 
tliat  the  launch  generated  a  region  of  negative  chai’ge  In  the  vicinity  of 
the  launch  pad.  The  time  history  of  the  measured  field  variation  was 
such  that  it  could  not  be  ascribed  to  o  negatively  chai'ged  vehicle 
climbing  up  from  the  t'ogion  of  the  pad.  The  ground  field  variations  wore 
much  too  slow  to  be  compatible  with  chls  physical  picture.  In  general , 

It  was  concluded  that  the  electric  field  measured  on  the  ground  stemmed 
from  a  Inx'ge  negative  chux'ge  x'esiding  on  the  clouds  gonex*ated  during 
the  launch.  As  the  cloud  drifted  away  and  dissipated,  the  field  in  the 
vicinity  of  tho  pad  gradually  returned  to  its  ox'lgiual  level. 

The  above  obsex'vations  ai'o  In  good  genox'al  agreement  with  the 

I'Qsults  of  gx’ound  field  measurements  made  during  the  Apollo  13  and  14 
9 

launches.  During  tho  Apollo  launuhos,  howovor,  it  was  found  that  a 
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positive  field  excursion  was  generated  by  the  launch  at  locations  removed 
from  the  pad. 

In  addition  to  field  meters  emplaced  around  the  launch  pad,  a  field 
meter  was  installed  on  the  launch  tower  for  both  Titan  lauhches  and  for 
the  launch  of  Apollo  14.  Comparison  of  onboard  Titan  field-meter  data 
with  the  readings  of  the  launch-tower  field  meter  indicate  that  the 
launch- tower  data  can  be  used  to  determine  vehicle  potential  when  the 
Titan  is  in  the  range  50  to  170  ft,  nozzle  height.  In  this  altitude 
regime,  charge  on  the  vehicle  couples  strongly  to  the  launch-tower 
field  meter.  When  the  nozzle  height  exceeds  170  ft  the  flame  is  viewed 
by  the  field  meter  and  the  readings  are  no  longer  related  to  vehicle 
charge.  Unfortunately,  the  conductive  flame  keeps  the  rocket  potential 
down  until  the  vehicle  reaches  650  ft  altitude,  so  that  the  vehicle- 
potential  meaourement  from  the  tower  is  not  able  to  supply  any  information 
about  the  ultimate  potential  of  the  rocket  once  the  plume  breaks 
electrical  contoct  with  the  ground. 

An  interesting  result  frcm  the  Apollo  14  launch-tower  field-motor 
measui'oment  is  the .pbsei'vation  that  the  engines  charged  the  vehicle 
positively.  (It  wiH‘‘bo  recalled  that  both  Titans  charged  negatively,) 

At  the  time  the  engines  reached  the  field  meter,  ttie  meaaut^d  field 
magnitudo  Indicates  that  the  Apollo  14  pctontlal  was  loss  than  6000  V. 

This  is  in  agreement  with  the  argument  that  the  plume  conductivity  bolds 
down  the  vehicle  potontial  while  the  oonductivo  part  of  the  plume  is  in 
contact  with  the  graund. 


V  FLIGHT  DATA  BELOW  500,000  FT  ALTITUDE 

A.  Titan  IIIC-20  Data 

One  of  the  interesting  events  observed  during  the  time  the  rocket 
was  below  the  ionosphere  was  associated  with  the  principal  period  of 
particle-counter  activity  during  the  launch  of  Titan  IIIC-20  shown  in 
Figure  14.  Here  occasional  bursts  of  counting  at  approximately  50  pps 
occurred  at  random  times.  Tliere  was  no  cot'respondlng  indication  of 
either  pai’ticle  curi’ent  or  streamer  cui'rent.  A  single  streamer  pulse 
is  Indicated  at  0744:46.4  GMT.  Interestingly,  this  is  the  altitude 
regime  at  which  the  computer  anomalies  on  Titans  IIIC-10  and  C-14 
occuri’od.  (The  altitudes  of  occurrence  ai'e  shown  in  Figure  14.) 

Evidence  of  particle  impact  at  this  altitude  was  not  expected  when  the 
experiment  was  being  planned,  since  appreciable  particulate  mutter  does 
not  usually  occur  at  this  altitude.  Kacx'oous  clouds  do  occur  in  the 
range  60  to  ISO  k£t,  however,  and  it  is  possible  that  they  woi'o  present 
the  night  of  the  launch.  An  effort  was  made  to  obtain  independent 
evidence  for  the  existence  of  nac.r*eoua  clouds  over  AFETH  the  night  of 
the  C-20  launch.  Unfortunately,  these  clouds  ^\xro  quite  rare,  and  no 
systematic  procedure  has  b«on  established  for  their  detection  and 
fflouitoriiig. 

Evidence  that  the  particle/streamei'-current  and  fiold-uetor  sysvems 
woi'e  functioning  at  the  100-kft  altitude  regime  anc  that  the  absence  of 
current  indications  coincident  with  the  counts  is  not  due  to  instrument 
malfunction  is  given  in  Figure  15,  which  shows  the  records  of  these 
systems  at  the  time  of  sol  id- rocket-motor  (DRU)  J'stti&on.  At  thxs  time, 
two  rockots  (exhausts  directed  toward  Titan  1  stage)  are  activated 
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FIGURE  14  ILLUSTRATfON  OF  PRtMClPAL  PERIOD  OF  PARTICLE-COUNTER  ACTIVITY  DURING  LAUNCH 
OF  TITAN  tnG-20  . 
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FIGURE  16  MEASUREMENTS  DURING  FIRST  STAGING  OF  TITAN  IIIC-20 


to  move  the  solid,  strap-on  rockets  away  from  the  main  vehicle.  The 
operation  of  the  Jettison  rockets  bathos  the  vehicle  (Including  the 
transtage)  in  exhaust  products.  This  exhaust  striking  the  Langmuir  ion- 
probe  sensors  undoubtedly  generates  the  charging  currents  that  saturate 
both  channels  of  both  the  particle-curi'ent  and  streamer-current  systems. 
The  same  exhaust  products  impinging  on  the  field-meter  sensor  produce 
the  noisy  records  shown.  It  must  be  concluded,  therefore,  that  the 
particle  counts  of  Figure  14  were  indeed  not  accompanied  by  appreciable 
charging  current. 
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In  this  regard,  It  is  interesting  to  calculate  the  magnitude 
of  particle-probe  charging  current  that  might  be  expected  under  these 
circumstances.  Flight-test  measurements  of  particle  impact  charging 
made  on  high-speed  jet  aircraft  indicate  that,  following  impact,  atmos¬ 
pheric  ice  crystals  acquire  charges  of  up  to  50  [iiiC,  Let  us  assume  that 
the  particles  of  Figure  10  acquired  the  same  charge  upon  impact.  Since 
we  have  50  particles  per  second  striking  the  probe,  depositing  a  charge 
of  5  X  10  C  per  impact,  the  current  arriving  on  the  probe  will  be 

i  ^  =  50  X  5  X  lo”^^  C/s 

probe 

=  0.0025  pA. 

Unfortunately,  the  full-scale  deflection  of  the  sensitive-particle  and 
streamer-current  channels  is  0.1  pA,  so  that  a  current  of  0.0025  pA  is 
right  at  the  limit  of  detectability  of  the  current-measuring  system. 
Accordingly,  it  is  not  sut^prlsing  that  there  is  no  indication  of  chax'ging 
curx'ent  accompanying  the  evidence  of  particle  impact. 

Before  leaving  the  question  of  the  encounter  with  particles  at 

100  kft  altitude,  it  is  intoi’estlng  to  invoke  a  furthei’  tost.  Experiments 

involving  the  firing  of  5/32-1  nch-dlamo tor  stool  balls  thi*ough  clouds 

of  Ice  crystals  and  dust  Indicate  that  charging  by  impact  with  the  ico 

crystals  was  201*0  at  velocities  3500  ft/s  and  above,  while  impact  with 

dust  partlcios  praducos  charging  to  velocities  of  4000  to  6000  ft/s, 

20 

depending  upon  the  typo  of  dust.  The  velocity  profile  shown  in  the 
lower  t^ortion  of  Figui‘e  14  indicates  that,  at  this  time,  the  rocket 
velocity  is  in  the  regime  whore  particle  impact  chai'glng  is  mai*glt)ully 
possible.  (It  is  not  cloar  that  the  dutu  obtained  with  5/32- inch-diameter 
bulls  at  sea  level  should  be  applied  on  u  one-to-one  basis  to  &  10-ft- 
diaueter  rocket  ut  high  altitude.  Thus  it  is  conceivable  that  chui'ging 
could  persist  to  the  velocities  shown  in  Flgui'o  14.)  It  appoors,  thoi'ofoi'o, 
that  the  evidence  of  particle  impact  of  Figure  14  must  be  accepted  as  1*00!. 
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An  overall  plot  of  particle  data,  streamer  data,  ion-probe  data, 
and  electric-field  measurements  on  the  Titan  IIIC-20  rocket  from  launch 
to  an  altitude  of  500,000  ft  (approximately  80  nmi)  about  8  minutes 
after  liftoff  is  shown  in  Figure  16.  Particle  and  streamer  currents 
were  measured  from  launch  until  the  payload  fairing  (PLF)  and  the  particle- 
and  streamer-current  probes  were  jettisoned.  After  PLF  jettison  the 
two  ion  probes  were  connected  to  the  instrumentation  and  ion-probe 
current  was  recorded.  Also  shown  in  Figure  16  are  times  of  occurrence 
of  discrete  events  associated  with  the  operation  of  the  launch  vehicle. 

From  an  inspection  of  the  figure,  it  is  evident  that  much  of  the  activity 
is  associated  with  these  discrete  events.  The  first  such  activity  is 
associated  with  the  jettisoning  of  the  SRM  at  0745:06  GMT  and  has  been 
discussed  in  detail  in  connection  with  Figure  15. 

The  next  sensor  activity  began  at  x’oughly  0747  and  was  associated 
with  I-II  staging.  Starting  at  0747,  there  was  a  lO-s  period  during 
which  the  particle-current  sensor  Indicated  cun’ent  flow,  and  a  noisy 
output  was  obtained  fx'om  the  field  motor,  lliese  signals  are  consistent 
with  a  physical  picture  of  engine-exhaust  products  striking  the  field 
meter  a:5d  the  No. 2  ion  probe  (the  No.  2  ion  probo  ia  Qlactrlually  con¬ 
nected  to  tho  pax'ticle-curi’ont  electronics— see  Figux’o  3).  It  is 
intox’cstlng  to  note  from  l^igure  5  that  the  field  motor  atd  tho  No.  2 
ion  probe  are  in  close  proximity  on  one  side  of  tho  trunstago,  wliile 
ion  pi-obe  No,  1,  which  did  not  record  any  curx’ont  flow,  is  located  on 
the  opposite  side  of  tho  transtage.  Thus,  during  tho  last  10  s  of  tho 
Stuge-1  burn,  it  appoars  that  exhaust  pxoducts  Impinged  on  cue  side  of 
the  trunstago. 

At  the  time  of  Stago-Il  ignition,  a  largo  transient  signal  appeared 
on  all  sensox'S.  Following  this  transient,  tho  sent^or  readings  went  to 
aero  until  tho  time  of  payload- fairing  jettison.  At  this  time  again, a 
transient  oceuxu'ed  on  all  sensoi*s. 
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FIGURE  16  TlTATi  IHC-20  FLIGHT  TO  500,000  FT 


Following  PLF  jettison,  the  Langmuir-ion-probe  function  was 
activated,  and  ion-probe  current  increased  as  the  vehicle  climbed.  It 
is  of  interest  to  compare  the  value  of  electron  density  indicated  by 
the  Langmuir-ion-probe  readings  with  published  data  and  with  the  electron 
density  inferred  from  an  lonogram  made  in  Grand  Bahama  at  the  time  of 
launch.  The  analysis  of  Appendix  C  indicates  that  at  500  kft  altitude, 
the  electron  density  N 

e 

f\t  10  3 

N  =  4  X  10  I  el/cm  (5) 

e 

where  I  is  the  ion-probe  current  in  amperes,  At  the  time  of  Stage-II 

shutdown,  0750:40  GMT  at  an  altitude  of  500  kft,  both  ion  probes  indicate 

4  3 

a  current  of  0.7  |jA.  From  Eq.  (5),  this  means  that  N  =  2.8  x  10  el/cm  . 

e 

Tills  result  is  in  reasonable  agreement  with  Figure  17,  which  shows  repre- 
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eentatlve  curves  for  ionospheric  electron  density  as  well  as  the  data 

from  the  ionogram  recorded  the  night  of  the  launch.  The  ionogram  data 

do  not  extend  down  to  an  altitude  of  500  kft.  The  available  data, 

however,  lie  roughly  midway  between  the  representative  day  and  night 

curves  in  the  figure.  Thus  it  appears  that,  at  500  kft,  an  electron 

4  3 

density  of  1  to  2  x  10  el/cm  would  be  in  agreement  with  a  judicious 
extrapolation  of  the  ionogram  data  as  shown  by  the  dashed  lines  in  the 
Figure  17. 

Beginning  shortly  after  PLF  jettison,  the  field  meter  indicates  a 
progressively  increasing  negative  field.  According  to  the  sign  convention 
adopted  for  the  field-meter  polarity,  this  means  that  the  vehicle  is 
becoming  positively  charged  with  respect  to  its  surroundings.  No  definite 
physical  argument  for  this  charging  is  available.  It  is  undoubtedly 
connected  with  entry  into  the  ionosphere,  but  the  precise  processes  active 
are  complicated  by  the  fact  that  the  Stage>II  engine  is  operating  at 
this  time. 

B.  Titan  IHC-21  Data 

An  overall  plot  of  particle  dato,  stroamor  data,  ion-probe  data, 
and  olectric-flold  measurements  on  the  Titan  niC-21  rocket  to  an 
altitude  of  SOO  kft  is  shown  in  Figure  18.  There  are  some  similarities 
with  tbo  C-20  flight  data  for  this  altitude  regime,  but  the  detailed 
behavior  is  different.  One  of  the  obvious  dli’forances  is  the  high  level 
of  partlclo-countor  oetivlty  during  the  C-21  flight.  As  was  discussed 
earlier,  particle  counts  below  32,000  ft  altitude  coincide  with  frontal- 
cbarging-cuvront  flow  x'osulting  fx’om  trlbooloctx*ic  chai'ging  during  flight 
through  clouds  of  precipitotion.  Above  32  kft  in  Figure  18  the  soux'ce 
of  the  particle  counts  is  not  cloar.  On  tho  actual  atrip-chort  x'ecords 
fx*oin  the  C-21  flight,  tho  cboractor  of  tho  particlo-count  x'ocord  stax*ting 
at  0310  is  vox'y  unusual,  Tho  counter  output  consists  lax’gely  of  a  series 
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of  pulses  with  a  very  regular  PRF  of  10  pps.  The  pulse  rise  time  of 

0.02  s  (two  samples  at  a  telemetry  sampling  rate  of  lOO/s),  indicating 

that  all  of  the  counting  occurred  in  this  brief  period,  and  that,  during 

the  remaining  0.08  s,  no  counting  occurred.  Occasionally  the  rise  of 

the  pulse  occupies  0.05  to  0.08  s  (5  to  8  sample  periods).  Since  each 

sample  period  in  the  rise  of  the  pulse  added  an  almost  equal  increment 

of  amplitude  to  the  pulse,  the  pulses  with  the  0,05-to-0.08-a  rise  time 

are  from  2  to  4  times  as  high  as  the  more  usual  0.02-s-rlse>time  pulses. 

During  this  period  of  unusual  counter  output  signal,  the  ratio  of  the 

high-gain  and  low-gain  counter  outputs  is  not  consistent  with  the 

re.lative  sensitivities  of  the  two  channels.  In  addition,  the  particle 

counts  are  not  accompanied  by  charging  current.  It  appears  possible, 

therefore,  that  the  signals  activating  the  counter  circuits  were  not 

generated  by  impinging  particles,  but  were  associated  with  scnne  spurious 

process  such  as  sensor  microphonics.  Dui’lng  the  qualification  testing 

of  the  Tltan-IlI  sensor  system,  for  oxamplo,  slight  "hair"  or  noise  was 

observed  on  the  sensitive  particle-count  channel  output  during  the 

8 

application  of  the  acoustic  envixx>n»ont.  On  the  quollficatiou  tost 
unit,  it  was  possible  to  got  a  noise  response  Svm  the  system  by  shurtxly 
ropping  the  particle  sensor  with  a  scrowdrivor  hondle.  It  is  possible, 
theroforo,  that  the  pai’tlclo  counts  rogistcrod  begltming  ut  32  kft  alti¬ 
tude  01*0  spux’ious  and  t'osult  fisna  a  microphonic  porticle  sensor.  It 
should  bo  recalled  that  the  stugo-;&oro  or  stuge-ono  onglnu  is  oporoting 
throughout  this  time,  so  that  the  acoustic  noiso  levels  on  the  vehicle 
ax*o  high.  A1  tenia  lively,  it  is  possible  thot  some  electrical  signal  on 
tho  rocket  was  coupled  into  tho  counter.  The  source  of  such  a  signal  is 
not  known  at  this  time, 

Tho  obsox'vod  signals  could  be  produced  if  tho  PLF  door  and  particle' 
sensor  struoturc  woro  resonont  at  10  Ib£,  and  if  tho  seusox'  microphonies 
gonet'ated  bursts  of  noise  signals  of  a  substantially  higher  frequency 
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when  excited  by  the  10-Hz  vibration.  The  10-Hz  excitation  would  account 
for  the  regular  10-pps  pulse  rate.  The  character  of  the  counter  circuits 
Is  such  that  their  response  to  a  signal  consisting  of  bursts  of  modulated 
high-frequency  noise  would  cause  both  output  channels  to  generate 
comparable  signals.  This  anomalous  behavior  of  the  particle  counter 
appears  to  end  at  0311  GMT,  so  that  the  data  after  this  time  are  probably 
more  reliable.  However,  In  view  of  the  fact  that  anomalous  behavior  was 
observed  during  the  period  0310  to  0311,  the  subsequent  data  are  suspect, 
and  have  not  been  analyzed  in  detail. 

Continuing  with  the  review  of  Figure  33,  we  find  that  at  the  time  of 
SRM  separation  at  0311:08.37,  all  of  the  sensors  are  affected,  as  they 
were  during  the  launch  of  Titan  IIlC-20. 

Starting  at  0312:30,  curi'ont  flow  begins  on  tho  particle-current 
channel.  A  few  seconds  later,  at  0312:50,  current  flow  starts  on  tho 
stroomor-cun'ent  channel,  and  noisy  output  signals  aixi  obset'ved  on  tho 
flold-moter  channel.  Tills  same  general  behavior  was  observed  on  the 
C-20  flight,  except  that  on  tho  C-20  flight  tho  stroumoi'-cun'ont  channel 
was  unaffected.  There  it  was  argued  thot  the  ohsoi*vod  signals  were 
consistent  with  the  physical  pictui'O  of  onginu-exhaust  products  striking 
tho  sensors  on  the  transtage.  It  is  not  clour  why  such  u  flow  of  exhaust 
products  should  be  associated  with  tho  end  of  the  Stage-1  burn,  slnoo  all 
of  theso  signals  go  to  zero  at  Stago-11  ignition,  at  0313:24.01. 

Tho  sensor  roodlngs  remained  at  zero  until  the  time  of  PL^  Jettison. 

At  this  time  a  tt'unsiont  was  observed  on  all  sensor  channels. 

Starting  at  0315:40  QiT,  uii  Inci'easlng  ion  curx'ont  is  collected  by 

both  ion  prabes.  By  0310:30,  whoii  the  rocket  has  reached  500  kft  altltule, 

tho  current  in  each  probe  is  0.7  pA,  Indicating  an  anbiont  electron  density 
4  .  3 

of  2.8  X  10  ol/cn  ,  in  agtocoont  with  the  value  neasut'Od  on  tho  C-SO 
flight.  Whoroas,  on  CV20,  iiolthor  ion-current  channol  was  affected  by 
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Stage-II  shutdown,  on  C-21  the  No.  2  ion  current  goes  to  zero  at  0316:46,52 
when  the  Stage-II  engine  is  shut  down,  while  the  No.  2  ion-probe  current 
drops  to  1/3  of  its  previous  level.  This  result  means  that  engine 
operation  can  markedly  affect  the  electron  and  ion  density  at  the  ion- 
probe  location.  Accordingly,  electron-density  data  obtained  during  periods 
of  engine  operation  are  very  likely  not  representative  of  the  undisturbed 
electron  density  at  that  altitude. 

The  Jettison  of  the  C-21  Stage-II  engine  at  0317:02.58  generated  a 
large  transient  on  all  sensors.  It  is  interesting  that  the  Jettison  of 
the  C-20  Stage-II  engine  produced  no  effect  on  any  of  the  sensors. 

In  Figure  18,  the  field-meter  record  after  PLF  Jettison  indicates 
that  the  vehicle  gradually  charges  positively  with  respect  to  its 
surroundings.  The  magnitude  of  the  field  and  its  time  structure  are  in 
good  agreement  with  the  experience  on  C-20. 


VI  FLIGHT  DATA  IN  UPPER  IONOSPHERE 


A.  General 

During  the  upper-ionospheric  portion  of  the  Titan  IIIC  flights, 
data  were  obtained  from  the  field  meter  (electric  field  and  ion  current 
density)  and  from  the  two  ion  probes.  The  readings  of  these  instruments 
were  strongly  affected  by  the  operation  of  tbe  attitude-control -system 
(ACS)  rockets.  In  the  upper  ionosphere,  the  orientation  of  the  vehicle 
with  respect  to  the  sun  is  of  great  importance  in  determining  the  sensor 
signal.  For  example,  when  a  sensor  surface  is  illuminated  by  the  sun, 
photoelectric  current  is  emitted  from  the  sensor.  Such  current  can  be 
misinterpreted  as  an  incoming  positive  ion  current,  To  assist  In  the 
interpretation  of  the  flight  results,  sun-orientation  data  were  made 
available  to  SRI  for  discrete  times  corresponding  to  the  occurrence  of 
specific  events  on  the  rocket  during  ionospheric  flight. 

It  is  important  to  note  that  the  i^atlonale  behind  extending  the 
expoxlmont  to  the  ionosphoi'o  was  not  to  obtain  basic  data  iNsgarding 
ionospheric  properties  over  the  flight  tx^Joctox'loa.  Rather,  the  px'lmory 
purpose  was  to  observe  the  ways  in  which  the  electrostatic  and  plasma 
pax'asnetors  vax'y  dux'ing  flight  as  a  specific  vehicle,  the  Titan  IIIC, 
passes  thxxxugh  successive  regictis  of  the  ionosphex'o  and  os  vorious 
opox’otlons  of  the  vehicle  axxx  cax'X’lod  out.  In  planning  a  purely  scientific 
experiment,  one  adjusts  the  fo»a  of  his  vehicle  including  shape,  matox'ials, 
outgassing,  pex’lods  of  engir;S  operation,  and  so  fox'th,  to  optimi^se  the 
accuracy  of  the  projected  moasux’ements.  For  the  pvosout  oxpexlmotit,  on 
the  other  hand,  it  was  im|)ox*tant  that  the  Insli'nmontution  modify  the 
physical  charactoriatics  of  the  flight  vohlclo  as  little  as  possible. 
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The  fom  of  the  mission  was  not  changed  In  any  way  to  accomodate  the 
electrostatic  experiment.  In  spite  of  those  limitations,  it  is  important 
to  compare  what  the  present  experiment  indicates  regarding  the  ionosphere, 
with  accepted  data  to  verify  the  general  functioning  of  the  instrumentation 
system. 

A  detailed  review  and  analysis  of  the  flight  data  from  the  ionosphen'e 
has  been  carried  out  and  is  presented  in  Appendix  D.  Only  certain  of 
the  essential  results  will  be  d;';.scussed  here. 

B,  Essential  Results 

As  the  flight  vehicle  climbs  into  the  ionosphere,  the  ambient  elec¬ 
tron  density  gradually  increases  until  the  peak  of  the  F  layer  of  the 
ionosphere  is  reached.  Above  the  F  layer,  the  electron  density  decreases. 
These  changes  in  electron  density  wex’o  evidenced  or.  the  Titan  HIC 
flights  by  systematic  variations  in  ion-px’obe  current  as  the  vehicle 
climbed.  In  general,  the  oloetron-density  values  inferred  from  the 
ion-prabe  currents  during  the  flights  woi’o  in  quite  good  agiHjoment  with 
published  data  throughout  each  flight. 

Each  ion  probe  consisted  ossontlully  of  u  stulnless-steol  plate 
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137  cm  in  area  |)ositioned  on  the  surface  of  the  vehicle  and  biased  10  V 
negative  with  respect  to  the  vehicle.  This  bias  attracts  positive  ions 
from  the  plasma,  and  the  resulting  ion  current  cun  be  interpi'otod  in 
toxvis  of  an  ambient  lon/electi\)n  detuiity.  it  is  important  to  note, 
however,  that  a  stainless-steel  plate  illuminated  by  the  sun  will  emit 
pbotoelectn'ons.  These  phutoeloctrons  will  bo  k'cpellcd  by  the  negative 
potential  on  the  probe.  The  electronic  system  cannot  distinguish  this 
pbotooloctric  current  £k*oo  ti-uo  ion  collection  current,  and  under  condi¬ 
tions  of  low  ambient  ion  density,  the  photoolectrou  current  can  be 
almost  on  oiHler  of  mogul tudo  higher  than  the  ion  collection  current. 


By  employing  data  regarding  vehicle  orientation  with  respect  to  the 
sun,  it  was  possible  to  sort  out  ion  current  from  photoelectron  current. 
This  process  is  assisted  by  the  fact  that  two  ion  probes  were  used  in 
the  experiment,  with  one  sensor  on  the  opposite  side  of  the  vehicle 
from  the  other.  In  this  way,  when  one  probe  is  in  the  sunlight,  the 
other  is  in  the  shadow  of  the  vehicle. 

Very  good  agreement  was  obtained  between  measured  values  of  photo¬ 
electron  current,  and  values  predicted  from  recent  laboratory  experiments 
using  stainless-steel  electrodes  illuminated  by  an  ultraviolet  source. 

The  good  agreement  obtained  between  the  measured  ion-probe  data  and 
accepted  values  of  olocti-ical  parameters  indicated  that  the  ion-probe 
system  functioned  properly  throughout  the  flight. 

Functioning  of  the  field-meter  systems  was  also  checked  by  comparing 
their  indication  with  the  readings  expected  in  the  plasma  existing  at  ttie 
vehicle  altitude.  In  general,  a  body  in  the  ionosphera  collects  negative 
ehat'go  from  the  ambient  plosma,  which  tends  to  chorgc  the  vehicle  to  u 
uegotlve  potontlol .  If  the  vehicle  is  illuminated  by  the  sun,  photo¬ 
electric  emission  fiXMi)  the  vehicle  genex'Otes  a  current  tending  to  chai'gc 
the  vehicle  to  u  positive  potential.  In  the  ionosphere,  the  ion/eleetran 
density  is  sufficiently  high  that  electron  collection  dominutes  and  the 
vehicle  is  negatively  charged.  As  the  vehicle  climbs  to  an  attitude  of 
raugUly  an  earth  radius,  the  ambient  lon/elcctron  density  becomes 
sufficlotitly  low  that  photoeloctron  emission  dominates  and  the  vehicle 
becomes  positively  chai’ged. 

fhls  behavior  of  vehicle  polarity  was  observed  on  the  field-meter 
H-field  channel.  When  the  field  meter  was  pointed  at  the  sun,  the  currant 
density  indicated  on  the  field  meter  J-field  channel  wus  in  good  sgi'aetaeut 
with  predicted  photoemission  current  from  a  gold  surlscc  (the  field- 
aster  vones  wore  gold  plated). 
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The  charge  flow  to  or  from  the  vehicle  results  in  an  ion  or  electron 
sheath  about  the  vehicle  across  which  most  of  the  voltage  drop  occurs. 

This  voltage  drop  across  the  sheath  generates  an  electric  field  at  the 
surface  of  the  vehicle.  This  sheath  field  provided  another  opportunity 
to  verily  the  functioning  of  the  field-meter  system. 

As  was  indicated  above,  the  measured  upper-ionosphere  data  are  in 
agreement  with  published  values.  Operation  of  the  main  engines  on  the 
transtage  engine  produced  large  changes  in  both  ion-probe  and  field- 
meter  readings.  The  character  of  ne  field-meter  readings  was  such  that 
it  appeared  to  itxlicate  that  exhaust  pixjducts  were  being  collected  on 
the  vehicle  surfaces. 

Following  the  first  transtage  burn,  the  vehicle  attitude-control 
system  (ACS)  was  activated.  Operation  of  the  ACS  rocket  motors  could 
bo  dotoctQd  on  both  the  ion-probo  and  field-meter  aystoma.  At  synchx’onous 
orbit  attitude,  for  example,  the  ion-pi'obo  current  was  Increased  by  a 
factor  of  us  much  as  b  by  the  operatlou  of  the  ACS  jots. 

llioao  data  indicate  that  the  exhaust  pioducts  fi'om  the  ACS  jets 
diffuse  to  tiu;  vicinity  of  the  vehicle  where  they  cun  deposit  on 
vetilele  aurfucus.  If  the  exhaust  products  are  not  honign,  their 
deposition  on  the  vehicle  surfaces  con  cause  dug i'«dat ion  in  the  perfoi'- 
auuco  of  setui0i*s  and  optical  surfaces. 

Under  s^e  conditions,  it  was  not  possible  to  completely  explain 
the  measured  data  in  toms  of  expected  ambient  environment  and  11)0017 
applicable  to  a  completely  conducting  vehicle.  It  was  argued  there  that 
tbo  olectrically  insulating  thertaa  1-con trol  coating  applied  i  >  the  surface 
of  the  transtage  atodlfies  the  collection  of  curmnt  by  the  skin  of  the 
vehicle . 

At  orbit  oltltudc,  tbo  electric  field  indicated  by  the  field  meter 
is  higher  than  expected,  strictly  on  the  basis  of  predicted  vehicle 
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potentials.  It  appears  that  the  high  field-meter  reading  was  caused  by 
charge  residing  on  surface  films  near  the  field-meter  sensor. 

A  particularly  interesting  development  in  the  program  was  the 
detection  of  spinup- rocket-motor  operation  on  the  payload  satellite 
after  it  had  separated  from  the  transtage  and  was  12  to  18  ft  away.  The 
spinup  rocket  activity  was  detected  by  SRI  personnel  as  an  unusual 
event  occurring  at  a  particular  time  without  a  priori  knowledge  of  the 
spinup  motor  burn.  The  operation  of  this  motor  on  the  satellite  caused 
a  5-to-l  change  in  the  ion-current  reading  of  ion  probe  No.  2  on  the 
transtage.  The  time  history  of  the  ion-probe  current  was  indicated  to 
be  in  good  agreement  with  the  chamber-pressure  variation  normally 
observed  in  a  motor  of  this  type. 
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VII  CONCLUSIONS 


The  Titan  III  experiments  were  successful  in  all  respects.  The 
flight  instrtimentation  worked  throughout  the  entire  flight  from  the 
liftoff  phase  to  payload  ejection.  The  experiments  also  generated  a 
variety  of  significant  results.  Of  great  interest  is  the  fact  that  the 
rocket  appears  to  be  connected  to  earth  until  it  reaches  an  altitude  of 
650  ft.  This  means  that  the  ][x>cket  is  trailed  by  a  highly  conducting 
plume  650  ft  long.  The  presence  of  this  plume  is  significant  in  many 
situations.  It  is  Important,  for  example,  in  making  determinations  of 
the  likelihood  of  lightning  striking  the  rocket.  A  highly  conducting 
plume  will  also  modify  the  way  UF  currents  are  distributed  on  a  vehicle 
immersed  in  an  electromagnetic  field.  Such  considerations  ax’e  important 
in  determining  vehicle  susceptibility  to  noise  and  BMP  signals, 

Tiie  experiments  indicate  that,  in  the  early  stages  of  the  launch, 
the  I’ockot  motors  charge  the  vehicle  to  potentials  of  100  to  200  kilo¬ 
volts.  Accordingly,  corona  dlschai'ges  can  be  expected  from  prominent 
protroslons  the  vehicle.  At  liftoff  the  ongino-chax’ging  curront 

was  50  to  100  |iA,  with  the  vehicle  charging  negatively  on  both  flights. 

At  higher  altitudes,  the  rocket  motors  sux'vo  to  dischat'gc  the 
vehicle  so  that  high  vehicle  potentials  and  corona  discharges  io  not 
occur  during  flight  through  precipitation.  On  the  flight  of  Titan 
lIIC-21,  a  proclpitatirn  ehai-ging  current  of  x'oughly  300  pA  was  discharged 
by  the  notion  of  tho  engines  ut  potontiuls  substantially  below  vehicle 
oox'oua  thx'oshold. 

Precipitation  chai'ging  of  tho  frontal  surfaces  does  occur  as  in  the 
case  of  uii*eraft.  Tho  chax’glng  rates  mousurod  on  the  Titan  are  In  good 
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agreement  with  aircraft  data.  For  example,  during  flight  through  a 

cloud  at  20,000  ft  altitude,  the  frontal-charging  rate  measured  on 

2 

Titan  IIIC-21  was  8  ^JLA/ft  .  Aircraft  measurements  indicate  peak  charging 
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currents  of  5  to  10  ^A/ft  in  cirrus  and  30  |jA/ft  in  heavy  frontal  snow. 
Evidence  of  frictional  charging  by  particles  was  present  to  altitudes 
of  100  kft  (where  nacreous  clouds  occur). 

Streamer  discharges  on  dielectric  frontal  surfaces  of  the  Titan 
were  shown  to  occur.  The  characteristics  of  these  discharges  appear  to 
be  in  good  agreement  with  aircraft  experience.  (It  should  be  noted 
that  the  frontal  charging  and  the  resulting  streamers  occur  in  spite  of 
the  fact  that  the  vehicle  as  a  whole  is  at  low  potential  as  the  result 
of  the  rocket-motor  discharging.) 

The  ground  experiments  conducted  in  connection  with  the  launches 
indicate  that  the  electric  fields  in  the  vicinity  of  the  launch  pad  are 
so  dominated  by  the  charged  clouds  associated  with  the  launch  that 
relying  solely  on  ground-field  meosuromonts  to  infer  the  I'ocket's  beha¬ 
vior  is  not  likely  to  be  finjltful. 

During  the  ionospheric  portion  of  the  flight,  the  Titan  Instrumen¬ 
tation  provided  data  in  good  general  agroomont  with  accepted  values  of 
moasurod  parumetoi's  such  as  ambient  electx’on  density  and  photoelectric 
emission.  Theso  measurements  sewed  to  domunstrato  the  px'opor  functioning 
of  the  instinuuontutiou  during  this  portion  of  the  flight.  The  primary 
puiposo  of  iho  instrumentutlon,  however,  was  to  measure  electrostatic 
processes  occurring  during  the  flight  of  u  largo  operational  racket,  * 
It  was  found  that  each  time  an  ACS  racket  was  but'ncd,  Ion  current 
collected  by  the  ion  probes  increased.  Tills  moans  that  the  racket- 
exhaust  constituents  returned  to  the  vicinity  of  the  traiistuge  skin  whoi’o 
they  were  collected  by  the  prabes.  Due  of  the  ACS  motors  appeared  to 
pi-oduco  u  mora  praiiouticod  effect  than  did  the  others.  This  I'osult  id 


significant,  since  It  means  that  rocket  exhaust  products  do  remain  In 
the  vicinity  of  the  vehicle  where  they  can  settle  out  on  sensitive 
instruments  and  optical  surfaces. 

The  field-meter  data  indicate  that  at  synchronous-orbit  altitude, 
substantial  electric  fields  exist  at  the  suirface  of  the  vehicle.  These 
fields  can  serve  to  alter  the  trajectories  of  charged  particles  in  the 
vicinity  of  the  vehicle,  thereby  modifying  the  rate  at  which  surface 
contamination  occurs.  The  presence  of  an  electrically  insulating  thermal- 
control  coating  over  the  vehicle  greatly  complicate  the  interpretation 
of  the  interaction  of  the  vehicle  with  the  plasma  environment. 

An  unexpected  result  of  the  tests  was  the  demonstration  that  the 
insti’umentation  on  the  transtage  was  able  to  detect  the  operation  of 
spinup  rockets  on  the  payload  satellites  after  the  two  vehicles  were 
separated  by  distance  of  at  least  12  to  18  ft.  Not  only  did  the 
instrumentation  detect  the  occurrence  of  the  burn,  but  it  pravided  a 
time  signature  of  the  spinup- x'ocket-chamber  pressure.  With  suitable 
calibration  procedures,  it  should  also  bo  possible  to  infer  something 
about  the  size  of  remote  engines  being  operated.  This  result  is  of 
Interest  in  that  it  demonstrates  thot  simple,  passive  instrumentation 
can  be  used  for  remote  monitoring  ond  study  of  synolu'onous-satolllto 
activity, 

Finally,  the  Titan  HI  oxporimonts  demonstrated  that  piggyback 
experiments  on  oporationol  vehicles  can  bo  conducted  without  in  any 
way  compi'omislng  tho  primai'y  mission.  Such  exporimonts  ara  capable  of 
goncrutlug  nooUod  iufomatiou  available  in  no  other  way. 
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VIII  RECCMIENDATIONS 


The  results  of  the  flight  experiments  indicate  that  the  Titan  III 
rocket  at  low  altitudes  behaves  very  much  like  an  aircraft,  but  that 
the  detailed  behavior  is  somewhat  different.  Operation  of  the  engines 
at  liftoff  charges  the  rocket  to  potentials  of  hundreds  of  thousands 
of  volts.  Asjcordingly,  the  same  precautions  regarding  corona-discharge 
interference  applied  to  aircraft  should  also  be  observed  on  the  Titan 
III,  provided  there  are  systems  aboard  the  rocket  susceptible  to  this 
sort  of  interference. 

Once  the  Titan  reaches  an  altitude  of  4000  ft,  the  engines  no  longer 
charge  the  vehicle,  but  begin  to  act  as  dischargox's.  On  Titan  IIIC-21, 
the  engines  dischux'ged  px'oclpitation  chax’ging  currents  of  300  while 
bolding  the  vehicle  potential  substantially  below  cox'ona  thx'oshold. 

This  x'oault  moans  that,  except  for  the  flight  period  up  to  4000  ft 
altitude,  cox'ona  dlsohai'ge  noise  will  not  bo  a  px'oblom  on  the  Titan  IXIC. 

Although  the  engines  keep  tho  vehicle  potential  down  to  low  values, 
precipitation  chargitig  of  fi<ontal  surfaces  will  still  occur,  lliis  means 
that  many  of  tho  same  precautions  obsox'vod  in  aim^aft  design  should  be 
applied  to  rockots.  In  pax'tlcular,  oava  should  be  oxereisod  to  avoid 
unbonded  metal  fiMtital  surfaces,  since  these  will  load  to  highly  noisy 
sput'k  dischai^es  from  the  unbonded  member  to  the  adjacent  airframe. 

If  sensitive  systems  are  carried  on  the  vehicle,  pixtvisions,  such  as 
the  use  of  conductive  surface  coatings,  should  bo  made  to  ollmlnatc 
stx'oumex’ing  on  dieloctric  frontal  surfaces. 

Liftoff  data  Indicoto  that  the  vehicle  behaves  as  if  it  wore 
electrically  connected  to  ground  until  it  roaches  an  altitude  of  6S0  ft, 
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This  result  was  interpreted  to  mean  that  the  electrically  conducting 
portion  of  the  exhaust  plume  is  650  ft  long.  This  result  is  significant 
in  connection  with  the  establishment  of  launch  rules  for  electrically 
disturbed  weather  conditions.  In  estimating  the  likelihood  that  the 
Titan  III  will  trigger  a  lightning  stroke,  the  650-ft  conducting-plume 
length  should  be  added  to  the  length  of  the  vehicle  in  defining  the 
dimensions  of  the  triggering  conductor  inserted  into  the  region  of  high 
electric  field. 

Flight  experiments  on  other  vehicle  types  should  be  conducted  to 
determine  plume  lengths  on  other  vehicle  types.  In  particular,  measure¬ 
ments  would  be  desirable  on  liquid-fueled  vehicles  and  on  solid-fueled 
vehicles  having  compositions  differing  greatly  from  that  of  the  Titan 
III  strap-on  motors. 

Additional  experiments  to  define  the  RF  charactei'lstlcs  of  the 
plume  would  be  desirable  because  the  presence  of  the  plume  cun  markedly 
affect  the  distribution  of  Rl'  cui'rent  on  the  vehicle  and  modify 
susceptibility  to  £B1F  and  other  interfering  electromagnetic  signals. 

The  flight  tests  demonstrate  that  in  the  ionosphere  o  portion  of 
the  plosma  gonoi'ated  by  rocket  operation  remains  in  the  vicinity  of  the 
vohlclo,  sinuo  rooket-motov  activity  caused  pronounced  changes  in  ion** 
probe  current.  This  means  that  opei’utlon  of  sonsltivo  sensors  or 
optical  surfaces  aboai'd  the  vohlclo  cun  be  altered  by  the  deposition  of 
engine-exhaust  products.  If  such  sensitive  devices  are  aboard,  cure 
should  be  taken  either  to  control  the  character  of  the  engine  effluent 
or  to  cax’efully  direct  it  away  from  the  sensitive  I'oglons. 

Ihe  ionospheric  meusuremonts  also  indlcutc  tliut  substantial 
olectrlo  fields  exist  in  the  vicinity  of  the  skin  at  oiHbital  altitude. 
Such  fields  con  modify  the  flow  of  charged  particles  in  the  vicinity  of 
tho  skin  and  cause  them  to  deposit  in  undusireublo  locations  on  the 


66 


vehicle.  The  presence  of  such  fields  should  be  considered  in  the  design 
of  sensitive  long-life  systems  capable  of  being  adversely  affected  by 
the  deposition  of  charged  particles. 

At  the  time  of  satellite  ejection,  it  was  observed  that  the  Titan 
III  instrumentation  detected  the  operation  of  the  splnup  rocket  motors 
on  the  satellites  when  they  were  at  least  14  it  away,  and  provided  a 
record  similar  to  the  time  history  of  spinup-rocket  chamber  pressure. 

This  capability  should  be  investigated  and  developed  further  since  it 
provides  a  scheme  for  passive  remote  monitoring  of  engine  activity  on 
synchronous-orbit  satellites.  The  Titan  III  experiments  already  demon¬ 
strate  that  the  time  history  of  the  engine  burn  can  readily  be  obtained. 

It  should  also  be  possible  to  infer  information  regarding  probable 
engine  size  from  the  measured  electron-density  change  and  the  distance 
to  the  satellite  under  observation. 

Finally,  it  is  recommended  that  the  possibility  of  piggyback  exper¬ 
iments  be  considered  on  future  operational  launches.  Although  there 
are  many  scientific  experiments  conducted  on  satellites  and  sounding 
rockets,  specifically  dedicated  to  the  experiment,  it  is  also  necessary 
to  perform  measurements  on  operational  vehicles.  The  woi'k  on  operational 
vehicles  is  necessary  to  obtain  engineering  data  appi’oprlate  to  that 
vehicle  typo  or  class.  Such  Infoimation  is  generally  not  generated 
in  purely  scientific  experiments. 

In  planning  a  piggyback  experiment,  it  is  necessary  to  make  clear 
at  the  outset  that  the  installation  of  the  experiment  must  in  no  way 
compromise  the  primary  mission  of  the  vehicle.  This  means  that  the 
Instt'umentatlon  must  be  designed  and  qualified  to  the  same  levels  as 
the  prime  payload.  It  also  means  that  the  experimenter  will  bo  restricted 
ixjgarding  acceptable  sensor  designs  and  locations.  Tiiose  restrictions 
can  genoi'ally  bo  mot  with  u  modest  additional  effort  devoted  to  the 
experiment  design. 
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Appendix  A 


SIGN  CONVENTIONS  FOR  POLARITIES  OF  CURRENTS  AND  FIELDS 

The  sign  conventions  used  In  this  report  are  those  generally 
observed  by  atmospheric  electricians  In  describing  currents  and  fields 
observed  at  the  surface  of  the  earth  In  response  to  charges  In  the 
atmosphere.  The  reason  for  adopting  this  convention  hex'e  Is  that  In 
this  program,  field  meters  were  used  to  measure  fields  observed  on  the 
ground  and  on  flight  vehicles.  Certain  callbx'atlon  px’ocedures  and  ways 
of  thinking  about  the  data  have  been  dovelo|>ed  In  connection  with  the 
use  of  field  motors,  and  it  was  felt  that  it  would  bo  safer  to  continue 
those  conventions  hox*e  rather  than  risk  the  confusion  that  might  x'osult 
from  Instituting  a  new  convention. 

Basically,  the  field  convention  Is  as  illustx'utod  in  Figure  A~l(a). 
Here,  if  aposltive  charge  exists  above  the  earth,  the  atiuoaphorlc 
electrician  says  that  the  earth's  field  is  positive,  This  enables  him 
to  associate  a  positive  field  with  positive  charge  overhead.  Tlte  con¬ 
vention  of  Figure  A-l<a)  Is  opposite  to  the  normal  conventlo;!;  in  which 
a  field  is  taken  to  be  positive  in  the  directioii  in  wtii<4i  a  positive 
charge  would  move  if  immersed  In  the  field. 

Extending  this  convention  to  the  case  of  a  field  meter  mounted  on 
a  chargod  rocket,  we  find  that  wo  get  a  positive-field  indication  if 
the  outside  world  looks  positive  to  the-  field  metex'.  This  happens  when 
the  I'cckot  is  negatively  charged  as  shown  in  Figure  A-l<b} 

Tlie  sign  convention  regarding  currents  is  the  normal  one  illustrated 
in  Figure  A-l(c>.  Here  a  current  is  said  to  be  positive  if  positive 
charge  is  arriving  on  the  sensor. 

It  MUEcssiKi  »as  auiK^ 
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FIELD  METER 


(«)  FIELD  METER  ON  GROUND 


(b)  FIELD  METER  ON  CHARGED  ROCKET 


(6i  CURRENT  aOWINO  TO  FROBE 

rA*8«28-ad 


FIGURE  A-1  StGN  CONVENTIONS  FOR  CURRENTS  ANO  FIELDS 
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Appendix  B 


DETAILS  OF  GROUND  FIELD-MEASUREMSNT  DATA 


1.  Titan  IlIC-20 

The  Titan  lllC  ground  instrumentation  array  was  described  in  Section 

II-B. 

Data  genei-iited  by  the  array  during  the  launch  of  Titan  HIC-20  are 
shown  in  Figure  B**l.  Good  data  were  obtained  at  all  sites  except  for 
lO-to-15-3  intervals  of  signal  saturation  at  the  flame-trench  site,  D, 
and  the  track  by  tower  site,  A.  It  is  of  interest  to  analyze  the  gx’ound- 
based  data  to  undox'stand  electrification  processes  occux'x'ing  during 
iind  in  particular  to  detenalne  the  degree  to  which  the  ground 
fields  are  pixiduced  by  the  presoucc  of  the  chat'ged  rocket  in  the  launch 
at'oa  or  by  charges  in  the  launch-associated  exhaust  clouds. 

Buildup  of  exhaust  clouds  up  the  umbilical  tower,  along  the  flame 
trench,  and  at  right  angles  to  the  flame  trench  during  the  C-20  launch 
is  lllusti’ated  in  Figure  U-a.  During  liftoff,  the  central  exhaust 
cloud  along  the  umbilical  tower  varies  in  height  from  below  the  rocket 
tiosc  to  near  the  top  of  the  tower.  The  cloud  extending  eastward  along 
the  flame  trench  is  nearly  as  high.  After  the  top&  of  the  solid,  strap-on 
motors  pass  the  top  of  the  tower  at  SlUi >  3.4  s,  launch-associated 
clouds  diffuse  fx'om  the  central  cloud  in  u  southerly  dii^ctiou  towSji'd 
field-motor  sites  A,  D,  aiwl  C  (see  Figuiv  B-1),  ond  also  in  the  northerly 
direction.  At  StDI  +  6.1  s  (0743:07.34  GUT),  exhaust  clouds  extend 
throughout  the  ground  area  viewed  by  the  camera.  Peak  fields  occur 
after  this  time  at  all  sites  except  for  initial  peaks  at  the  floae-trench 
site  and  on  the  umbilical  tower. 
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SRM  IGNITION 


GROUND  INSTRUMENTATION  DATA  FROM  TITAN  UIC-20  LAUNCH 


FIGURE  a<1 


FIGURE  B-2  TITAN  ftlC-20  EXHAUST  CLOUD  BUILDUP  DURING  LAUNCH 


The  launch- tower  field-aieter  data  (to  the  time  the  motors  reached 
the  top  of  the  tower)  can  be  interpreted  to  indicate  that  a  negatively 
chai’ged  body  passed  the  top  of  the  tower.  This  is  in  agreement  with  the 
onboard  instrumentation,  which  indicated  that  the  rocket  acquired  negative 
charge  at  liftoff.  The  peak  field  of  -2  kV/m  at  0743:06  GMT  occurs  when 
the  rocket  passes  the  top  of  the  tower  and  the  rocket  motors  emerge 
from  the  launch-associated  cloud  at  the  tower.  Unfortunately,  the  central 
exhaust  cloud,  which  is  probably  charged,  extends  to  the  field-meter 
height  at  this  time  and  could  also  contribute  to  the  measured  electric 
field.  It  will  be  interesting,  therefore,  to  compare  rocket  potential 
inferred  from  the  launch- tower  field  wit’n  the  potential  inferred  from 
the  onboard-field-meter  readings. 

The  relationship  between  vehicle  potential  V  and  electric  field  E  at 
the  launch-tower  field-meter  position  was  determined  using  the  setup  of 
Figure  B-3(a),  Here  a  model  of  the  tower  is  placed  on  the  floor  of  the 
laboratory,  and  provisions  are  made  to  charge  a  model  of  the  Titan  III, 
which  can  be  positioned  at  various  heights  above  ground  along  the 
trajectory  followed  during  liftoff.  Charge-transfer  measurements  of  E 
at  the  scaled  launch-tower  field-meter  location  and  at  the  onboard  field- 
meter  location  are  made  as  the  rocket  model  is  moved  past  the  tower, 

The  results  of  this  measurement  are  shown  in  Figure  B-3(b),  Combining 
the  data  of  Figure  B-3(b)  with  the  launch- tower  field  measurements  of 
Figure  B~1  yields  the  inferred  rocket  potential  shown  in  Figure  B-4. 

Also  shown  for  comparison  in  Figure  B-4  is  the  rocket  potential  measured 
by  the  onboard  field  meter  (replotted  from  Figure  10).  From  an  inspec¬ 
tion  of  Figure  B-4,  one  must  conclude  that  the  launch-tower  field-meter 
record  is  representative  of  the  rocket  potential,  but  that  it  is  modified 
by  the  presence  of  the  launch  clouds.  In  particular,  the  apparent  peak 
in  rocket  potential  at  0743:02.3  probably  is  caused  by  charge  on  the 
exhaust  cloud  that  rises  up  along  the  launch  tower  during  the  early  part 
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0743:00 


0743:16 


0743:06  0743:10 

TIME,  GMT 


TA>S423-ae 


FIGURE  B-4  TITAN  IIIC-20  POTENTIAL  INFERRED  FROM  LAUNCH-TOWER  FIELD 
MEASUREMENTS  AND  FROM  ROCKET-BORNE  FIELD  METER 
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of  the  launch.  Any  field  generated  by  such  a  cloud  early  in  the  launch 
is  highly  weighted  in  terms  of  equivalent  rocket  potential,  since  at 
this  time  E/V  is  low  [E/V  ^  0.02  m  ^  for  nozzle  heights  up  to  20  ft — see 
Figure  B-3(b)3,  so  that  a  small  field  is  interpreted  as  a  large  potential. 
Once  the  rocket  nozzles  reach  an  altitude  of  50  ft  or  more,  the  tower 
field  meter  couples  more  strongly  to  charge  on  the  rocket,  and  the  tower 
field-meter  data  are  more  representative  of  the  true  rocket  potential. 

Once  the  nozzles  reach  the  top  of  the  tower,  the  tower  mill  data  become 
unreliable  because  the  exhaust  products  envelop  the  top  of  the  tower. 

In  view  of  the  above  arguments,  it  appears  that  the  tower- top  measure¬ 
ment  of  rocket  potential  is  most  reliable  in  the  range  50  to  170  ft, 
rocket  nozzle  height.  From  Figure  B-4  we  see  that,  in  this  range,  the 
potential  inferred  from  the  tower  data  is  in  best  agreement  with  the 
potential  inferred  from  the  onboard  field  meter.  From  these  arguments 
we  may  also  conclude  that  in  the  case  of  a  rocket  such  as  the  Saturn, 
which  does  not  produce  clouds  rising  along  the  tower,  a  launch-tower 
field  measurement  should  provide  a  good  estimate  of  /ehicle  potential 
as  the  rocket  is  passing  the  tower. 

The  flame  trench  data  of  Figure  B-1  indicate  that  negatively 
charged  exhaust  products  reached  the  vicinity  of  the  field  meter  immed¬ 
iately  after  SRM  ignition.  Some  consideration  should  be  given  to  the 
fact  that  although  the  rocket  charged  negatively,  indicating  that  the 
exhaust  gases  leaving  the  rocket  were  positively  charged,  the  flame-trench 
effluent  is  negatively  charged.  The  mott  plausible  explanation  is  that 
although  the  exhaust  as  it  leaves  the  rocket  may  be  slightly  positively 
charged,  it  subsequently  strikes  the  exhaust  trench  where  it  erodes 
the  concrete  surface  causing  electrification  to  occur.  The  exhaust  also 
can  pick  up  charge  by  interacting  with  water  from  the  deluge  in  the 
exhaust  trench.  This  interaction  with  material  in  the  trench  evidently 
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produces  negative  charging  that  completely  overwhelms  the  initial 
positive  charge  in  the  rocket  exhaust. 

The  time  history  oi  the  records  at  the  remaining  ground  iield-meter 
locations  argues  that  the  fields  in  the  vicinity  of  the  launch  pad  are 
generated  by  charge  on  the  exhaust  clouds  rather  than  by  charge  on  the 
rocket.  For  example,  the  field  at  Site  C  does  not  reach  its  maximum 
until  the  rocket  potential  shown  in  the  bottom  of  Figure  B-1  for  refei'ence 
has  reached  zero.  A  more  detailed  examination  of  the  electric-field 
behavior  in  relation  to  vehicle  charge  is  also  of  interest.  To  estimate 
the  fields  a  charged  rocket  would  produce  along  the  ground,  one  can 
consider  the  field  E  produced  at  the  surface  of  a  ground  plane  by  a  charged 
body  located  a  distance  h  above  the  ground  plane  as  given  by 


E  a 


h 

2  2 
(h  +  r) 


3/2 


(B-1) 


where 

Q  =  Charge  on  body 
“12 

Sq  =  8.85  X  10  F/ra 

r  =  Distance  fi'om  launch  point  to  measurement  point. 

bE 

For  a  body  carrying  constant  charge,  the  field  E  is  maximum  when  =  0, 

oh 

Carrying  out  the  differentiation  gives  E  when  h  =  r//2.  For  this 

Tn&X 

value  of  h,  the  maximum  value  of  the  field  is 


£ 

max 


Q  1 
2  3/3 

ne.,r 


(B-2) 


If  fields  along  the  ground  are  Induced  by  the  charged  rocket  and 
£q,  (D-1)  is  applied,  peak  fields  should  occur  at  approximately  the 
following  times: 
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Time  (GMT) 


Site 

Track  by  tower  (A) 
Guard  gate  (B) 
Outside  fence  (C) 
Flame  trench  (D) 


0743:06 

0743:08 

0743:10 

0743:07 


Initial  peaks  in  the  Site  D  (Flame  trench)  field  between  0743:03  and 
0743:06,5  and  the  Site  A  (Track  by  tower)  field  at  0743:08  could  possibly 
be  induced  by  the  charged  rocket.  However,  peak  fields  at  the  ground 
sites  for  times  exceeding  0743:09.5  are  not  consistent  with  the  physical 
picture.  The  source  of  initial  peaks  in  the  Site-D  field  and  in  the 
Site-A  field  is  further  comiJlicated  in  that  exhaust  clouds  that  are 
probably  charged  exist  in  the  flame  trench  and  up  the  tower  at  liftoff. 


Because  launch-associated  exhaust  clouds,  which  are  probably  charged, 
extend  past  the  top  of  the  tower  and  throughout  the  immediate  area  after 
about  0743:05  (see  Figure  B-1  for  SRM  +  6.1  s),  following  this  time  the 
umbilical-tower  field,  and  the  fields  along  ground,  are  probably  induced 
by  charge  distributions  residing  in  these  high-rising  exhaust  clouds. 
Although  it  would  be  Intellectually  satisfying  to  be  able  to  account  for 
all  of  the  details  of  the  variations  in  the  various  field-meter  readings, 
such  a  calculation  would  be  time-consuming  and  of  marginal  utility.  It 
would  be  necessary  to  follow  the  development  and  motion  of  each  of  the 
clouds  and  to  assign  charge  densities  to  the  various  regions.  Physical 
arguments  would  have  to  be  devised  to  account  for  variations  in  polarity 
and  charge  magnitude.  The  result  would  be  an  extremely  detailed  picture 
of  the  electrification  of  a  highly  specialized  cloud  system.  Accordingly, 
such  an  analysis  was  not  undertaken. 

Disregarding  the  inconsistencies  between  the  time  history  of  the 
field  records  and  the  simple  model  of  a  highly  charged  rocket  climbing 
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out  of  the  launch  area,  it  is  interesting  to  estimate  the  charge  the 
vehicle  would  have  to  carry  to  generate  such  fields.  For  example,  at 
Site  B  (610  ft  from  the  pad)  a  maximum  field  of  6.4  kV/m  occurs  roughly 
20  8  after  SRM  ignition.  At  this  time  the  rocket  altitude  is  roughly 
3,000  ft.  Rewriting  Eq.  <B-1)  as 

3/2 

2  2 
(h  +  r  ) 

Q  =  4ne^E  -  ~  -  (B-3) 

0  h 

on  substituting  numerical  values  we  find  Q  =  0.625  coulomb.  Since  the 

vehicle  capacitance  C  iP  1000  pF,  this  value  of  charge  implies  a  vehicle 

6 

potential  of  V  =  Q/C  625  x  10  V.  This  potential  is  several  orders  of 
magnitude  higher  than  the  highest  potential  measured  on  the  vehicle. 

Ignoring  time  history  even  further^  and  arguing  that  the  vehicle  is 

at  h  =  i'//2  when  E  occurs,  so  that  Eq.  (B-2)  applies,  It  is  interesting 
max 

to  calculate  the  implied  vehicle  potential.  Solving  Eq.  (B-2)  for  Q 
we  obtain 

Q  =  3/3  ne„r^  E  .  (B-4) 

0  max 

Substituting  values  applying  to  the  Site  B  field  meter  we  find  Q  a  3.2  X  10 

6 

coulomb.  This  charge  implies  a  vehicle  potential  of  32  X  10  V.  This 
potential  also  is  several  orders  of  magnitude  higher  than  the  highest 
potential  measured  on  the  vehicle.  It  appears,  therefore,  that  there  is 
no  way  in  which  the  charged  vehicle  could  hove  generated  by  itself  the 
electric  ’field  variations  measured  in  the  vicinity  of  the  pad  during  the 
launch  of  Titan  llIC-20. 

2 .  Titan  IIIC-21 

The  ground  data  frun  the  Titan  1110-21  launch  are  shown  in  Figure 
B-&.  Good  data  wore  obtained  at  all  sites  except  Site  C  (outside  of 
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SRM 

IGNITION 


FiOURE  GROUND  INSTRUMENTATION  DATA  FROM  TITAN  IIIC-21  LAUNCH 

fonco),  whoro  the  utvlp-cUart  recorder  walfuiictionod.  Charging  ia  seen 
to  bo  similar  to  thnt  obtained  during  the  C-‘20  lounch.  Again  the  lounch" 
tower  fiold'-meter  I’eooi^  up  to  6  s  oftor  SRM  ignition  is  consistent  with 
a  negatively  cbai’ged  body  moving  by.  The  behavior  of  the  rest  of  the 
field  motors  indicates  that  again  the  exhaust  clouds  wore  nogativoly 
charged.  Ttie  fields  associated  with  the  launch  of  C-21  are  roughly 
half  those  observed  on  C~20.  Again,  the  time  histox'y  of  the  ground  records 
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argues  that  they  are  not  generated  by  charge  on  the  rocket  vehicle,  since 
the  field  at  Site  B,  for  example,  reaches  its  peak  considerably  after 
the  rocket  potential  has  peaked. 

Figure  B-6  shows  the  rocket  potential  as  inferred  from  the  launch 
tower  compared  with  the  rocket  potential  inferred  from  the  onboard  field 
meter.  As  was  Indicated  in  connection  with  the  discussion  of  Figure  11 
in  the  main  text,  there  is  no  obvious  physical  explanation  for  the  Initial 
positive  excursion  in  rocket  potential  indicated  by  the  rocket-borne 
field-meter  data.  It  is  very  likely,  therefore,  that  the  iracket  poten¬ 
tial  in  Figure  B-6  inferred  from  the  launch-tower  field-meter  record  is 
more  nearly  correct  (for  the  50-to-170-ft  altitude  regime)  and  that  the 
rocket  potential  remained  less  than  -20  kV  while  the  rocket  passed 
the  tower. 

Launch-cloud  buildup  during  the  C-21  launch  la  shown  in  Figure  B-7. 
Clouds  are  seen  to  envelop  the  launch  tower  4  s  after  SUM  Ignition 
(about  0309:09).  At  SRM  -f  7  s,  clouds  In  tho  area  at'o  comparable  to  the 
height  of  the  umbilical  tower.  Comparing  Figures  B-2  and  0-7,  launch 
cloud  structure  during  tho  C-21  launch  is  aeon  to  bo  similar  to  cloud 
structure  during  the  C-20  launch. 

For  the  electric  field  along  tho  ground  to  bo  induced  by  the  C-21 
rocket  charged  to  a  constant  potential,  jpouk  fields  would  bo  obsoraod  at 


Site 


Time  (GMT) 


I'rack  by  tower  (A)  0309:10 

Guard  goto  (0)  0309:12 

Flame  trench  (U)  0309:11 


Since  peak  fields  do  not  occur  at  these  times  one  must  assume  that  this 
simple  model  Is  incorrect,  and  that  charges  in  tho  exhaust  clouds  are 
tho  source  of  flolds  as  was  ai’gued  for  tho  C-20  launch. 
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FIGURE  B-6  TITAN  lllC-21  POTENTIAL  INFERRED  FROM  LAUNCH-TOWER  FIELD 
MEASUREMENTS  AND  FROM  ROCKET-BORNE  FIELD  METER 


FIGURE  B-7  TITAN  l!JC-2t  EXHAUST-CLOUD  BUILDUP  DURING  LAUNCH 


Comparison  of  ground  fields  for  the  two  launches  is  easiest  at  the 
guard-gate  site  (B).  Similar  and  smooth  field  variations  were  recoiled 
for  both  launches.  During  the  €-20  launch  a  peak  field  of  -6  kV/m  was 
obtained  about  22  s  after  SRM  ignition.  During  the  C-21  launch,  a  peak 
field  of  -2  kV/ffl  was  obtained  also  at  about  22  s  after  SRM  ignition. 
Additionally,  the  90%  decay  times  of  the  two  fields  are  about  70  s  after 
SRM  ignition. 

Peak  electric  fields  at  S;4te  A  also  occuried  at  approximately 
the  same  times  after  SRM  ignition— e.g. ,  10  to  22  a  for  both  the  C-20 
launch  and  the  C-21  launch.  Momentary  reversals  of  chai'ging  occurred 
on  both  launches  26  s  after  SRM  ignition.  Erratic  variations  in  field 
intensity  occuiTed  during  the  period  of  peak  electric  field  during  the 
C-21  launch,  (This  data  pei'iod  was  saturated  for  the  C-20  Ip'ujch.) 

Those  erratic  field  variations  indicato  erratic  charge  structure  in  the 
clouds  genorateci  duilng  the  launch. 

Peaks  in  the  data  at  Site  D  (Plume  ttH>nch}  also  occurred  at  about 
the  same  times  after  SliM  Ignition  for  both  launches— e.g, ,  botwoon  2  and 
6  s  and  botwoon  12  and  20  s  for  tho  C-20  launch  and  at  about  2  s  and 
botwoon  11  and  17  s  for  tho  C-21  launch,  Tho  erratic  field  behavior  ut 
tho  flamo-trouch  site  also  reflects  erratic  charge  stinicturo  in  exhaust 
clouds,  probably  tho  cloud  in  tho  flame  tmioh.  Bipolar  charging  scon 
at  0309:34  for  tho  C-21  launch  was  not  moasut'od  for  tho  C’-20  launch. 

3.  Comparison  with  Apollo  Data 

For  compax'ison,  tho  results  of  SU!  ground  field  moasuremonrs 
during  tho  luutiches  of  A{h>11o  13  uiid  14  are  I'opi'oduccd  f^x>ffl  tiof,  9  in 
Figui'os  B-8  and  B-9.  The  Aiiollo  gix>uiiid  flold-moter  arrangemont  was 
similar  to  that  employed  for  the  Titan  experiments  and  is  shown  in 
Figux'o  9. 
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Q-^  GROUNO^ASeD  FIELD-METER  DATA  FROM  APOLLO  13  UUNCH 

thr^io  oxUaust  clouds  woi'c  obaok'vod  during  the  Atiollo  13  and  14 
launches;  otto  along  the  south  flume  tk*&nch,  anothor  along  the  north  flame 
trench,  and  the  thli*d  associafed  \#ith  the  outer  spray  aloitg  the  umbilical 
tower.  An  with  the  Titan  field  data,  the  Apollo  data  after  the  Saturn 
loaves  the  tower  area  is  attributed  to  launch-'cloud  chorgo  dlatributloiia. 

A  comparison  of  the  Apollo  uud  Titan  data  is  useful  because  no  in-flight 
rockot-potontial-measuring  insttrumeiits  woi'e  carried  on  the  Apollo  vohicles, 
and  because  the  Apollo  (liquid-fueled)  and  Titan  (solid-fueled)  may 
exhibit  dlfforout  charging  cbai'actoristics  on  the  vehicles  themselves  as 
well  as  an  the  graund  and  on  the  umbilical  towers. 
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llio  C'l&cti'o$iEatic*‘il6ld  ruconls  for  the  At^ollo  IJ  launch  ore  ^ho^'ii 
iu  l'‘i(iure  i}-d,  <iliio  launch  ocOuvi*o(l  on  a  clour  day.)  tlie  field  at: 
oamoru  pad  O  (intended  to  not  coupled  atix>%iy  to  the  flaa«}>‘tt*ench 
effluent)  onoothly  rises  to  a  peak  of  1.2  kV/ta,  2S  a  after  ignition. 

The  polarity  1*0001*000  80  s  after  ignition,  then  the  field  reaches  a  peak 
negative  potential  of  210  V/m  120  a  after  ignition,  llie  field  at  camera 
pad  4  (intended  to  coupled  strangly  to  the  south  flame  trench  effluent) 
is  seen  to  be  erratic  with  a  peak  iiesitivo  value  of  7  kV/m,  24  a  after 
ignition.  Both  fields  bofot*e  ignition  are  comparable  to  the  earth's 
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static  electric  field,  normally  +100  to  +300  V/m  on  a  fair  day.  Charging 
activity  is  seen  to  be  affecting  the  camera  pad  5  field  data,  2  minutes 
after  ignition. 

Electrostatic-field  data  for  the  Apollo  14  launch  are  shown  in  Figure 
B-9  (the  launch  occurred  on  a  cloudy  day).  Fairly  smooth  positive  field 
changes  occur  after  liftoff  at  the  crawlerway,  slidewire,  and  camera  pad 
5  sites.  Positive  field  changes  indicate  that  predominantly  positive 
exhaust  clouds  were  generated  by  the  launch,  whereas,  negatively  charged 
clouds  were  observed  in  the  Titan  experiments.  There  is  evidence  in 
the  Apollo  ground  data  (discussed  in  Ref.  9)  for  the  existence  of  diff¬ 
erent  charge  polarities. 

The  launch-umbillcal-tower  (LUT)  field  meter  indicates  a  positive 

field  change  ec company ing  liftoff,  indicating  that  the  engines  charged 

the  Apollo  l4  vehU‘Ie  positively.  (It  will  be  recalled  that  both  Titans 

charged  negatively.)  At  the  time  the  engines  reach  the  field  meter,  the 

measured  field  magnitude  indicates  that  the  rocket  potential  is  less 

than  6000  V.  This  result  is  in  good  agreement  with  the  Titan  experiments 

in  which  it  was  argued  that  the  rocket  potential  remained  relatively  low 

until  the  rocket  plume  broke  contact  with  the  ground.  As  stated  earlier, 

15 

Oman's  work  indicates  that  the  Apollo  rocket  plume  is  a  good  conductor 
to  a  length  of  625  ft. 

For  comparison  of  Apollo  13  and  14  data,  the  field-meter  records 
obtained  at  camera  pad  5  on  the  two  launches  are  shown  in  Figure  B-10. 

The  peak  field  on  Apollo  14  is  one-sixth  that  obtained  during  the  Apollo 
13  launch.  The  Apollo  13  field  is  bipolar  while  the  Apollo  14  field  is 
positive.  Data  from  the  New  Mexico  Institute  of  Mining  and  Technology 
(NMD  field-meter  installation  at  the  air  intake  near  camera  pad  5  is 
also  shown  in  Figure  B-10  for  the  Apollo  14  launch.  The  NMI  intake  and  the 
SRI  oampera  pad  5  records  are  in  reasonable  agreement. 
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COMPARISON  OF  APOLLO  13  AND  14  FIELD-METER  DATA 


Iq  cosipariag  Titan  and  Apollo  data,  the  liquid^fueled  Saturn 

booster  used  in  the  Apollo  launches  is  seen  to  generate  essentially 

positive  charging  and  positive  electric  fields,  while  the  Titan  booster 

generates  essentially  negative  charging  and  negative  electric  fields. 

Peak  field  changes  for  Ti ten  and  Apollo  launches  are  plotted  in  Figure 

B-11  as  a  functioii  of  distance  from  the  launch  pad.  Also  shown  in  the 

3 

figure  are  lines . showing  1/r  nnd  l/r  variations  of  field.  It  :i8 
difficult  to  generalize  from  these  data  beyond  observing  that,  far  fiw 
the  pad,  the  fields  fall  off  with  distance  more  slowly  than  they  do  near 
the  pad.  Also,  It  is  apparent  that  the  differences  in  the  data  obtained 
from  successive  launches  of  the  same  vehicle  are  as  great  as  the 
differences  among  data  obtained  from  vehicles  of  different  types. 


\ 
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PEAK  f:elo  change 
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LANGMUIR-ION-PROBE  ANALYSIS 
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LANGMUIR-ION-PROBE  ANALYSIS 

An  order-of-magnitude  estimate  of  Ion  density  can  be  obtained  by 
observing  that  during  C-20  and  C-21  flights  the  principal  flow-field 
velocity  is  parallel  to  the  probe  surfaces.  The  flow-field  velocity  into 
ion  probe  No.  1  and  away  from  probe  No.  2  at  synchronous-orbit  altitude 
is  a  few  hundred  feet  per  second.  This  velocity  is  much  less  than!  the 
flow-field  ion  velocities  of  about  25,000  ft/s.  Since  the  body  size  is 
leas  than  the  mean  free  path  for  all  altitudes  following  the  brief 
period  when  the  probe  is  first  exposed,  the  analysis  can  ignore 
collisions. 

The  geometry  of  the  analysis  is  shown  in  Figure  C-1. 


I 


Particles  are  assumed  to  enter  the  field  of  the  probe  abruptly  at 
X  =  0.  They  are  pulled  into  the  probe  by  the  noimal  field.  All  particles 
ui*e  collected  that  enter  below  a  dimension  y^  such  that  the  particles 
that  enter  at  y^  reach  the  probe  surface  at  Lt  the  probe  length.  At 
distance  greater  thon  y^,  particles  miss  the  probe  and  are  not  collected. 
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The  probe  current  is  thus 


I 


eNU  dy  dz 


(C-1) 


where 

N  s  Ion  density 
U  =  Parallel  velocity 
z  s  Transverse  dimension. 

We  assume  that  N  and  U  are  constant  with  y  and  z  are  are  equal  to 
their  £ree-stream  values  so  that  we  can  write 

I  =  eN  U  y^z,  ,  <C-2) 

«  »  1  1 


To  estimate  y^  we  assume  that  the  Debye  length  and  probe  potential 

are  such  that  the  potential  la  unaffected  by  space  charge  out  to  y^. 

This  is  consistent  with  the  inferred  values  of  charge  density.  An  ion 

falling  thtx>ugh  a  potential  drop  of  V  volts  will  hove  a  terminal  velocity 

4  *1* 

V  of  about  1.4  X  10  /v  m/s  for  II  ions,  y  can  be  found  by  taking 

Q  •! 

this  velocity  and  multiplying  it  by  the  time  it  takes  a  particle  to  flow 
across  the  probe  duo  to  the  flow~£iold  velocity.  This  time  is 


so  that 


(C-S) 


^1 


liV 

0 


(C<-4) 


The  potential  drt^  from  to  the  probe  surface  may  not  be  the  full 
probe  potential,  but  for  purposes  of  estimation  we  shaU  take  it  ds  V. 
Therefore, 
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(C-5) 


10  .  3 

N  ««  10  1  ol/cm  (I  in  amporea)  (C-7) 

ussvuaiHg  that  tho  moasuvomont  is  made  ut  an  altitude  when  H  Is  the 

21 

dominant  ion.  dohitaou  indicotoa  the  altitude  regimes  in  which  ion 
composition  changes.  This  iniormatlon  has  been  used  to  calculate  for 
the  dominont  spocios  and  to  modify  Eq.  (C-7)  appropriately.  Tho  results 
of  these  calculations  ui*e  shown  in  Table  c-1,  which  shows  the  eloutron- 
donalty  equation  approp^'iste  for  each  altitude  i'eglmo. 
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Table  C~1 


ELECTRON  DENSITY  EXPRESSIONS  FOR  VARIOUS  ALTITUDES 


Altitude 

(ft) 

Altitude 

(nmi) 

Ion  Type 

Mass 

Ne 

(cm 

6 

10  * 

>  6.2  X  10 

>  1020 

H 

1 

10  I 

3  X  10  to  6.2  X  10 

493  to  1020 

He'^ 

4 

2  X  10^°  I 

6 

<  3  X  10 

<  493 

o"^ 

Ifi 

4  X  10^°  I 

♦ 

I  »  probe  current 
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Appendix  D 

DETAILS  OF  FLIGHT  DATA  IN  UPPER  IONOSPHERE 
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Appendix  D 


DETAILS  OF  PLIGHT  DATA  IN  UPPER  IONOSPHERE 


1.  General 

During  the  upper-ionoapheric  portion  of  the  Titan  IIIC  flights,  data 
were  obtained  from  the  field  meter  (electric  field  and  ion  current  density) 
and  from  the  two  ion  probes.  The  readings  of  these  instruments  were 
strongly  affected  by  the  operation  of  the  attitude-control-system  (ACS) 
rockets.  The  locations  of  the  static-electrification  Instrumentation 
sensors  and  the  ACS  rockets  on  the  rocket  transtage  are  shown  in  Flgui'e 
D-1.  It  is  evident  from  the  figux'e  that  there  is  a  greot  difforonco  in 
the  positioning  of  the  various  rockot  motox’s  with  respect  to  a  particular 
sensor,  Also,  tho  exhausts  of  some  of  tho  rockets  are  directed  along  the 
vehicle  x*oll  axis,  whereas  tho  exhausts  of  others  ore  ditx<c ted  along  the 
circumforoncc  of  the  vehicle.  Accordingly,  it  is  reasonable  to  expect 
that  there  will  bo  n  gx'oat  vax’iatlon  in  tho  dogx’oo  to  which  diifereut 
ACS  motox’s  affect  a  pax’ticulur  seosoi*. 

In  the  upper  ionosphere,  the  orlentotion  of  the  vohiclo  with  reapect 
to  the  sun  is  of  groat  importance  in  deteruining  the  sensoxv signal,  Forv, 
example,  when  a  sensor  surface  is  illuminated  by  tho  sun,  photoelectric 
current  is  emitted  from  the  sensox’.  i>uoh  current  cun  be  mislntoxtit?cted 

as  an  incoming  positive  ion  c’n*ront.  To  assist  in  the  inteii>«^ttti:to«  of 

c .  . 

the  flight  results,  sun-orientution  data  were  made  available  to  Shi  for  ~ 
discrete  times  corrosixonding  to  the  occux'X’onco  of  specific  events  on 
the  xxicket  during  ionospheric  flight,  llto  orientation  is  given  In  tenui 
of  a  cone  angle  and  a  clock  anglo.  Tho  cone  angle  is  the  onglo  tiio;  ‘ 
insolation  vector  (the  vector  fx'om  tho  voliiule  to  the  sun)  makes  with  ihct  . 
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vehicle  negative  (aft)  roll  axis  as  shown  at  the  bottom  of  Figure  D-1. 

The  clock  angle  is  the  roll  angle  between  the  projection  of  the  insolation 
vector  in  the  roll  plane  and  the  positive  pitch  axis.  Positive  is 
measured  clockwise  from  the  positive  pitch  axis  looking  aft  (see  Figure 
D-1). 

Following  the  above  convention,  probe  No.  1  is  within  the  hemisphere 
illuminated  by  the  sun  for  clock  angles  between  -105°  and  75°.  Ion 
probe  No.  2  is  within  the  sun- illuminated  hemisphere  for  clock  angles 
from  75°  to  255°.  However  when  the  insolation  vector  approaches  normal 
incidence  to  the  roll  axis  (cone  angles  about  75°  to  105°),  ion  probe 
No.  1  will  be  shaded  by  the  yaw-left  ACS  jets  10  and  11  for  clock  angles 
between  about  55°  and  75°,  and  ion  probe  No.  2  will  be  shadded  by  the 
yaw-right  ACS  jets  4  and  5  for  clock  angles  between  235°  and  255°,  The 
field  meter  will  be  illuminated  by  the  sun  for  all  clock  angles  in  the 
hemisphere  between  44°  and  224°. 

In  reviewing  and  interpreting  the  field-meter  data  from  the  upper- 
ionosphere  portion  of  the  flight,  it  is  important  to  recall  that  the 
field-meter  design  was  dictated  largely  by  the  requirement  that  the 
field-meter  function  during  the  liftoff  phase  of  the  flight.  To  minimize 
supersonic  airflow  loading  of  the  field-meter  vanes,  the  entire  vane 
assembly  was  recessed  below  the  surface  of  the  skin.  This  recessed 
design  means  that  the  magnitude  of  the  electric  field  existing  on  the 
sensor  vane  is  only  a  small  fraction  of  the  ambient  field  at  the  vehicle 
skin  (of  the  order  of  1/10  the  skin  field).  For  normal  opex’ation  of  the 
field  meter  in  an  un-lonlzed  medium,  the  actual  value  of  the  field  at 
the  sensor  vane  is  immaterial  (because  of  fringing  effects,  the  field  is 
not  constant  over  the  vane).  This  is  so,  because  the  field  meter  is 
calibrated  by  generating  a  known  field  intensity  over  the  vehicle  skin 
and  measuring  the  field-meter  output.  Wlien  the  field  motox'  is  operated 
in  a  plasma,  however,  the  plasma  sheath  (the  I'egiou  of  nonzexx) 
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electric  field)  conforms  generally  to  the  shape  of  the  conductor  about 
which  it  exists.  Thus,  the  sheath  penetrates  into  the  recessed  portion 
of  the  field  meter,  with  the  result  that,  particularly  for  a  thin 
sheath,  the  magnitude  of  the  field  on  the  sensor  vane  is  more  nearly  equal 
to  the  magnitude  of  the  field  over  the  skin.  Thus,  if  one  uses  the 
normal  sea-level  field  calibration  to  Interpret  plasma-sheath  fields, 
the  inferred  field  will  be  considerably  higher  than  the  actual  sheath 
field.  The  sheath  thickness  and  the  degree  to  which  the  sheath  penetrates 
into  the  field-meter  recess  depends  on  the  plasma  characteristics,  and 
must  be  determined  experimentally  for  a  geometry  as  complex  as  that  of 
the  field-meter  vane  structure. 

It  was  not  possible  to  carry  out  plasma  simulations  on  the  present 
program,  so  that  the  degree  to  which  inferred  fields,  differ  from  the 
true  sheath  field  is  not  known.  It  is  planned,  however,  that,  as  part 
of  the  satellite  experiment  discussed  in  Appendix  E,  the  satellite  field- 
meter  will  be  operated  and  calibrated  in  a  laboratory  plasma  of  known 
characteristics, 

2.  Titan  IIIC-20  Data 

a.  80  to  150  nini  Altitude 

As  was  Indicated  in  Section  Ill-A,  telemetered  flight  data 
were  received  in  real  time  during  six  telemetry  windows,  each  roughly 
10  minutes  long,  occurring  at  critical  times  during  the  flight.  Data 
from  such  a  window  when  the  vehicle  is  In  the  altitude  I'eglmt^  80  to 
150  luni  are  shown  in  Figure  D-2.  It  Is  evident  fx'om  the  octivity  log 
in  tho  figure  that  considerable  engine  activity  oocuri'ed  Uux'lng  most  of 
this  window,  so  that  the  electron  density  in  the  vicinity  of  the  vehicle 
may  be  csxpoctod  to  be  perturbed  by  the  pros<'»'’<»  of  the  exhaust  products. 

It  is  interesting,  however,  to  compare  the  .aOMSured  electron  densities 
at  the  beginning  of  the  window  (before  appreciable  rocket-motor  activity 


=IGURE  D-2  TITAN  IIIC-20  DATA  FROM  80  TO  1B0  nml  ALTITUDE 
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occurred)  with  nominal  values  of  electron  density  at  this  altitude.  For 

“7 

example,  at  0804,  the  No.  2  ion-probe  current  is  4  X  10  A.  From 

Appendix  C,  for  this  altitude  we  find  that  Eq.  (5)  still  applies,  which 

4  ,  3 

means  that  the  electron  density  is  1.6  X  10  el/cm  .  At  this  same  time, 

4 

the  No.  1  ion  probe  indicates  an  electron  density  of  7.2  X  10  .  From 

Figure  17,  we  find  that  the  nominal  electron  density  at  an  altitude  of 

3  4 

80  nmi  ranges  from  10  for  night  conditions  to  3  X  10  for  daylight 
conditions.  Thus  the  electron  density  measured  on  the  Titan  IIIC  is  in 
reasonable  agreement  with  nominal  values. 

With  these  verifications  of  the  functioning  of  the  instrumen¬ 
tation  out  of  the  way,  it  is  interesting  to  return  to  the  data  of  Figure 
D-2.  Operation  of  the  ACS  rockets  and  burning  of  the  transtage  engine 
both  have  a  pronounced  effect  on  the  ion-probe  current,  'fhe  ionized 
engine  exhaust  increases  the  electron  and  ion  density  in  the  vicinity 
of  the  vehicle,  with  the  result  that  the  current  in  both  probe  channels 
reaches  saturation  by  the  end  of  the  burn.  The  reason  for  the  difference 
in  the  detailed  behavior  of  probes  1  and  2  during  the  transtage  burn  is 
not  clear.  The  field  meter  is  also  affected  by  the  rocket-motor  activity 
during  this  telemetry  window.  It  is  interesting  to  note  in  passing  that 
terminating  the  transtage  burn  produced  a  greater  effect  on  the  field 
meter  than  did  the  actual  burn.  Although  these  results  are  Interesting, 
it  was  not  felt  that  any  effort  to  make  an  analysis  of  the  detailed 
interrelationships  during  periods  of  engine  operation  would  be  worthwhile. 

b.  310  to  450  nmi  Altitude 

Data  from  the  310-to-450-nmi  flight  regime  are  shown  in  Figure 
D-3.  A  striking  feature  of  this  record  is  the  constant,  0.5  (jlA,  ion 
pi'obe  No.  2  current.  Since  this  probe  is  in  the  sun-illuminated  hemisphere 
throughout  the  period  of  this  record,  it  is  interesting  to  Investigate 
whether  the  measured  current  can  be  asorlbed  to  pbotoemisslon  from  the 
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The  ion-current-density  "j-field"  channel  iield-meter  data  can 

also  be  Interpreted  as  being  indicative  of  photoelectric  current  emission 

from  the  field-meter  vanes.  Prior  to  the  beginning  of  the  record,  the 

clock  angle  of  the  insolation  vector  is  greater  than  224°  so  that  the 

field  meter  is  in  the  hemisphere  shaded  from  the  sun,  As  the  clock 

angle  decreases  below  224°,  the  field  meter  becomes  progressively  more 

exposed  to  the  sun,  and  the  field-meter  current-density  channel  Indicates 

progressively  increasing  positive  charge  arriving  on  the  stator  vanes 

(or  negative  charge  leaving).  The  current  density  Increases  to  a  maximum 
-5,2  -9,2 

value  of  3  X  10  A/m  =  3  X  10  A/cm  at  time  0837,  From  Uef.  22  we 

find  that  for  gold  (the  field-meter  vanes  were  gold-plated)  the  integrated 

**9  2 

photoelectron  flux  for  solar  irradiation  is  2.9  x  10  A/ cm  .  Since  the 

measured  current  density  is  in  agreement  with  the  predicted  photoelectron 
Vflux,  it  appears  that  the  J-flold  reading  from  0837  to  0841  GMT  can  be 
attributed  to  photoelectric  emission  from  the  field-meter  stator  vanes. 

At  0841  the  vehicle  is  maneuvered  to  shield  the  field  meter  from  the  sun 
and  the  photoelectric  current  decreases. 


Next,  it  is  interesting  to  compare  the  electron  density  inferred 
from  the  ion  probe  No,  )  ccrront  with  other  electron-density  measurements 
at  this  altitude.  The  p:L'obo  cui'rent  varies  from  n  maximum  of  0.09  |iA  ot 
the  beginning  of  the  window  to  a  minimum  of  0.U4  ijlA  during  the  period 
0837  to  0S38  GMT,  From  Appendix  C,  wo  find  that  Eq.  (5)  lor  electron 
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density  is  valid  at  this  altitude,  which  means  that  the  electron  density 

3  3  3 

varies  from  1.6  X  10  to  3.6  x  10  el/cm  ,  Tliis  range  of  densities 

compares  well  with  the  data  of  Ref.  23  where  electron  densities  at  this 

3  3 

altitude  range  from  1  to  5  X  10  el/cm  depending  on  the  particular 
orbit  chosen  for  consideration. 

The  electric  field  during  the  telemetry  window  of  Figure  D-3 
varies  both  in  magnitude  and  polarity.  At  the  beginning  of  the  record  at 

0836:20  the  field  is  zero,  Indicating  zero  potential  on  the  vehicle. 

By  0837  the  field  has  increased  to  1  kV/m,  with  the  vehicle  negative. 

At  0841  the  field  changes  sign  following  vehicle  reorientation.  Since 

the  E-field  variation  is  similar  to  the  J-fleld  variation,  it  is  tempting 
to  attribute  the  E-iield  readings  to  imperfect  isolation  between  the  E- 
and  J-fleld  channels.  Later  on  in  the  flight,  however,  the  two  channels 
of  the  field  meter  do  not  change  in  unison,  so  that  this  crosstalk 
explanation  is  not  valid.  Accordingly,  it  must  be  assumed  that  the 
indications  of  true  electric  field  at  the  surface  of  the  vehicle  must  be 
accepted  as  real. 

Returning  again  to  the  data  in  Figure  D-3,  it  is  evident  that 
there  are  numerous  transient  changes  in  ion  probe  No.  1  current  coincident 
with  transient  changes  in  field-meter  indlcotlona  (both  E-  and  J-fleld). 
These  transients  are  undoubtedly  associated  with  ACS  rocket  activity 
connected  with  vehicle  maneuvering  to  achieve  proper  orientation  during 
the  telemetry  window.  Unfortunately,  no  record  of  ACS  chamber  pressure 
was  made  available  for  the  Titan  IIlC-20  flight,  so  it  is  not  possible 
to  identify  indlvlduol  transients  with  individual  rocket  firings. 

c.  1350  to  1420  nmi  Altitude 

The  data  in  Figure  D-4  are  from  the  13S0-to-1420  nmi  altitude 
regime.  Starting  at  1020  in  this  record,  the  ion  probe  No.  2  current 
remains  virtually  constant  and  sufficiently  high  in  magnitude  that  it  is 
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not  affected  by  the  changes  in  ambient  ionization  caused  by  ACS  motor 

activity.  The  value  of  the  current,  0.4  |iA,  is  in  good  agreement  with 

the  0.33-tJLA  photoelectric  current  predicted  for  a  stainless-steel  sheet 
2 

137  cm  in  area  (see  discussion  in  connection  with  Figure  I>-3).  Ion 
probe  No.  2  is  Illuminated  by  the  sun  throughout  this  period. 

*•5  2 

The  '»  2.5  X  10  A/m  value  of  the  "j-field"  channel  indication 

starting  at  1020  (when  the  field  meter  was  exposed  to  the  sun)  is  also 

-9  2 

in  reasonable  agreement  with  the  2.9  X  10  A/cm  photoelectron  flux 
predicted  for  old  under  solar  irradiation  (see  discussion  in  connection 
with  Figure  D-3).  This  current  is  zero  from  1025  on,  when  the  field 
meter  is  shielded  from  the  sun. 

During  the  portion  of  the  flight  illustrated  in  Figure  D-4, 
ion  probe  No.  1  is  shielded  frcm  the  sun  so  that  it  indicates  ambient  ion 
density.  From  Appendix  C,  we  find  that,  for  this  altitude  regime,  ion 
density  N  is  related  to  the  ion-probe  current  1  by 

N  a  10^®  I  ol/cm®  .  (D-4) 

Applying  this  relationship  to  the  ion  pi’obe  No.  1  current,  I  a  lO  A, 

lO  "*8  3 

in  Figux'o  D-4,  wo  obtain  N  a  lo  (10  )  a  100  ol/cm  .  This  number  is 

an  ordor  of  magnitude  smoller  than  the  values  commonly  expected  ot  this 

21 

altitude  in  the  equatorial  plane.  Matuura  and  Otuloh  do  report  electron 

3 

densities  as  low  as  200  ol/cm  ot  this  altitude,  but  their  low  densities 

24 

wore  measured  ot  latitudes  obovo  60°.  Why  the  measured  electron  density 
should  be  lower  ttusn  expected  is  not  evident.  It  should  bo  observed  in 
this  regard  that  the  field  motor  indicates  that  the  vehicle  polarity  is 
positive  tluoughout  the  period  of  time  covered  by  Figure  )>>4.  (This 
change  in  vehicle  polority  is  consistent  with  the  increased  importance 
of  pUotoelectron  emission  ot  the  higher  altitudes.)  Positive  charge 
on  the  vehicle  could  tend  to  drive  positive  ions  away  froa  the  vehicle 
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and  reduce  ion-probe  current.  Aside  from  periods  of  ACS  activity, 
however,  the  probe  No.  1  current  remains  constant  Irrespective  of  changes 
In  field-meter  reading.  It  is  possible,  of  course,  that  some  of  the 
variation  In  indicated  electric-field  magnitude  may  stem  from  changes  In 
details  of  the  plasma  structure  in  the  vicinity  of  the  field-meter 
sensor  as  the  vehicle  maneuvers,  and  not  result  from  actual  changes  in 
vehicle  potential. 

Ion  probe  No.  1  current  exhibits  pulse  excursions  to  values 
roughly  twice  that  of  the  normal  current.  At  the  time  of  the  probe- 
current  pulses  there  are  accompanying  pulses  in  readings  of  both  field- 
meter  channels.  These  pulses  are  associated  with  the  operation  of  ACS 
rockets  on  the  Titan  vehicle.  This  result  means  that  the  efflux  from 

3 

the  ACS  rockets  generates  an  electron  density  of  I'oughly  100  el/cm  at 
the  ion-probe  location. 

Reviewing  the  "E-field"  record  in  Figure  D-4,  we  observe  that 
for  insolation  vector  clock  angles  greater  than  raughly  220*^,  when  the 
field  meter  is  shielded  from  the  sun,  the  electric  field  Is  100  V/m  or 
less.  (The  field-motor  system  used  on  the  Titan  vehicles  was  deliberately 
made  insensitive  to  make  certain  liiut  it  did  not  overlood  under  triho- 

g 

electric  chai’ging  conditions  during  flight  precipitation.  Accordingly, 
fields  less  than  500  V/m  cannot  be  road  with  great  accuracy.)  At 
other  times,  when  the  field  motor  is  illuminated  by  the  sun,  the  E-fiold 
indication  is  i’oughly  1  kV/m  with  the  vehicle  positive. 

d,  1635  nml  Altitude 

Data  obtained  fi’otu  the  Titan  I IIC-20  rocket  at  an  altitude  of 
1835  nmi  are  shown  in  Figure  0-5.  llie  records  of  sensor  output  and  sun 
direction  are  very  similar  to  those  observed  In  Figure  0-4.  lliiroughout 
the  period  of  the  tolcmetry  window,  ion  pxebe  No.  2  is  exposed  to  the  sun 
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and  indicates  photoelectron  current  during  most  of  the  period.  Wiy  the 

current  increased  by  25%  at  1206,  is  not  clear.  From  the  ion  probe  No.  1 

record,  it  is  evident  that  a  long  ACS  burn  occurred  at  this  time,  and 

may  have  deposited  material  on  the  No.  2  ion  probe  sensor  that  changed 

its  photoemission  characteristics.  Ion  probe  No.  1  is  shielded  from  the 

sun  throughout  the  telemetry  window  and  indicates  an  ion  current  of 

0.01  |JlA  with  occasional  pulses  of  up  to  0.008  iiA  superimposed  at  times 

of  ACS  engine  operation.  The  0.01-pA  ion  current  corresponds  to  an 

3 

electron  density  of  100  el/cm  ,  which  is  roughly  an  order  of  magnitude 

21 

lower  than  the  normally  accepted  values  for  this  altitude. 

The  field  meter  is  exposed  to  the  sun  at  the  beginning  of  the 

telemetry  window  and  remains  illuminated  by  the  sun  until  1207:45. 

Throughout  the  period  of  illumination,  the  J-field  channel  indicates  a 

-5  2 

current  of  roughly  3  X  10  A/m  which  is  in  excellent  agreement  with 
*•9  2 

the  2,9  X  10  A/an  photoelectron  current  predicted  for  gold  under 
22 

solar  irradation  (see  discussion  in  connection  with  Figure  D-3). 

Both  field-meter  channels  are  noisy  during  the  period  of  sun 
Illumination.  After  1207:45,  when  the  field  meter  is  shaded,  the  field- 
meter  readings  are  markedly  affected  bj  ACS  engine  operation  coincident 
with  pulses  on  the  ion  prabe  No.  1  current  channel.  At  1206:40  there 
is  a  px'onounccd  change  in  the  t'eodingf  of  both  field-meter  channels. 

Tills  change  coincides  with  the  end  of  the  long  ACS  burn,  which  coincided 
with  the  25%  chungo  in  ion  probe  No.  2  curi’eut.  Thei’e  is  so  much  ACS 
activity  during  this  telemetry  window,  and  the  ACS  engine  activity  has 
such  u  prenounced  affect  on  the  instrumentation  in  this  window,  that 
one  should  not  expect  coufomity  of  the  dotu  with  accepted  sotollite 
behavior. 

It  siiouid  be  noted  that  ut  1208:40,  after  ACS  octlvity  bus 
and  the  fiold  meter  is  shaded  from  the  sun,  the  £- field 
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channel  indicates  essentially  zero  field.  Starting  at  this  same  time, 

the  J-field  channel  indicates  a  current  density  that  increases  to 
—0  2 

-5  X  10  A/m  arriving  at  the  field-meter  location.  This  could  rupresent 
the  electron  current  returning  to  the  shaded  side  of  the  vehicle  as  the 
result  of  photoemissiona  from  the  sunlit  side. 

e.  19,320  nmi  Altitude 

Data  from  the  telemetry  window  at  an  altitude  of  19,320  nmi  are 
shown  in  Figure  D-6.  Much  activity  on  the  I’ocket  occurred  during  this 
time.  Shortly  after  the  beginning  of  the  window,  the  ACS  system  was 
operated  to  settle  the  propellant  in  the  transtoge  tanks.  Starting  at 
1322:10,  the  second  burning  of  the  transtago  motor  began  and  continued 
until  1323:35.  The  vehicle  was  then  oriented  for  payload  r'eloose. 

Payload  separation  occurred  ot  1326:52.  After  release,  the  tranatoge 
was  reoriented  and  driven  away  from  the  payload  by  operation  of  the 
ACS  I'ockots. 

Thi'oughout  this  window,  ion  probe  No.  1  was  shaded  from  tho 
sun  and  indicated  a  nominal  ion  current  of  0.01  \iA  with  occasional 
pulses  of  up  to  0.005  pA  superimposed  ut  times  of  ACS  operation.  During 
the  second  transtago  burn,  the  ion  piobe  Mo.  1  curi'ent  iuui'OQSOd  up  to 
O.OS  pA,  The  O.Ol-pA  ion-pi'obe  eurf'ont  cori*estn>nds  to  an  ambient 

3 

electron  density  of  100  ol/cra  .  This  value  is  in  the  range  of  normally 

21 

accepted  values  of  eiectkx}ii  density  for  this  altitude.  The  0.05-pA 

ion-probe  current  during  transtuge-'Oiiglne  burn  iiidluutes  that  an  electron- 

•  * 

density  inciH}asa  of  400  el/cm  wna  generated  ut  the  ion  probe  No.  1 
locution  ey  the  ionization  associated  with  the  operation  of  this  et^^lne. 

Ion  probe  No.  2  is  Illuminated  by  tho  sun  throughout  the 
telemetry  window.  At  the  beginning  of  the  record,  the  0.3-to-0.4-(iA 
magnitude  of  the  current  is  appropriate  for  photoelectric  emission  from 
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the  probe.  (It  should  be  noted  that  the  cone  angle  of  the  insolation 
vector  during  this  window  is  only  »  30®  so  that  one  might  expect  the 
photoelectron  current  to  be  lower  than  it  was  in  the  previous  records.) 
During  the  period  of  the  second  transtage  burn,  ion  probe  No.  2  current 
is  reduced  to  0.03  [J.  (.roughly  the  same  as  the  ion  probe  No.  1  current 
during  the  burn).  Why  such  an  ion-probe  current  reduction  should  occur 
during  engine  burn  is  not  clear.  It  appears  as  though  the  photoelectric 
current  to  probe  No.  2  has  been  reduced  to  zero  and  both  ion  probes  are 
reading  the  electron  density  generated  by  the  transtage-engine  efflux. 

One  might  argue  that  the  engine  exhaust  obscures  the  sun.  Sincn  the 
cone  angle  of  the  insolation  vector  at  this  time  is  30°,  the  sun  is  off 
the  tail  of  the  vehicle  (see  Figure  D-1)  and  the  transtage  engine 
exhausts  out  the  back.  At  these  altitudes,  furthermore,  the  engine 
exhaust  expands  as  soon  as  it  leaves  the  nozzle  and  forms  a  broad  cloud 
behind  and  around  the  vehicle.  It  is  possible  that  the  gas  density  of 
this  cloud  is  adequate  to  reduce  the  photoomission  from  the  No.  2  ion 
probe  by  an  order  of  magnitude.  At  the  same  time,  the  ionized  constituonta 
in  the  effluent  raise  the  electron/ion  density  in  the  vicinity  of  the 

3 

probe  to  ^  300  to  400  el/cm  . 

At  the  end  of  the  2nd  transtage  burn,  at  1324  the  readings  of 
both  ion  probes  return  tjo  the  values  they  had  pi’ior  to  the  burn.  After 
payload  release,  ion  probe  No.  2  current  gradually  decreases  until  it 
reaches  the  0.01-|jA  value  indicated  by  probe  No.l.  This  change  In  No,  2 
probe  current  probably  stems  from  shielding  of  probe  No.  2  from  the  sun 
as  the  vehicle  is  maneuvered  after  payload  release.  (Unfortunately  no 
data  were  made  available  to  SRI  rogux’ding  sun  orlentatiot  following 
payload  release,  so  that  the  argumont  regax*ding  No,  2  px-obe  ahioldlHg  Is 
speculative.)  With  both  probos  shaded  fx'om  the  sun,  both  would  road 
the  same  current  corresponding  to  tho  ambiout  olocti'ou  density. 
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Throughout  the  telemetry  window,  the  field  meter  is  in  the 

sunlit  hemisphere.  The  recessed  design  of  the  field  meter,  however,  is 

such  that  the  stator  is  largely  shielded  from  the  sun  when  the  cone 

angle  of  the  insolation  vector  is  30®.  Thus,  at  the  beginning  of  the 

record,  one  should  not  expect  photoelectron  emission  from  the  field 

meter.  This  is  in  agreement  with  the  measured  data,  which  indicate  a 
„  -6  2 

J-field  current  density  of  -5  X  10  A/m  aridiving  at  the  field-meter 

location.  As  was  Indicated  in  the  discussion  of  the  1835-nmi  data,  this 

could  represent  the  electron  current  returning  to  this  portion  of  the 

vehicle  as  the  result  of  photoemission  from  the  sunlit  portions.  The 

J-field  channel  reading  is  affected  momentarily  by  each  operation  of 

the  ACS  rockets,  and  by  the  start  and  end  of  the  transtage  motor  burn, 

-6  ,  2 

but  immediately  x’eturns  to  -5  X  10  A/m  after  each  transient  deflection- 
even  during  the  period  of  the  transtage  motor  burn. 

At  1324:30  when  the  insolation-cone  angle  is  Incroasod  to  38®, 

-6  ,2 

the  J-flold  current  density  changes  sign,  becoming  +5  X  10  A/ra  , 
possibly  because  now  the  flold-moter  stator  is  slightly  illuminated  by 
the  sun  and  some  photoelectric  omission  occurs.  At  1325:40  the  current 
donslty  goes  to  zero  ))osslbly  because  vehicle  orlontation  is  now  such 
that  the  photoelectric  current  emitted  from  the  stator  vanes  equals  the 
return  oloctx'ou  curj-ont. 

The  E-fi  Jld  chumtol  remains  near  zero  during  the  early  portion 
of  tte  rocor<l  wl:on  the  insolation  vector  cone  angle  la  30®  and  the 
stntor  vanes  are  almost  completely  shaded  from  the  sun.  Operation  of 
the  ACS  ro'  kots  generates  lai*ge  transient  pulses  in  the  B-field  record 
tlu'oughout  this  portion  of  the  flight.  Stort  and  stop  of  the  transtage 
motor  produced  lavgo  transients,  but  there  was  no  giess  change  in  field- 
motor  indioation  during  the  period  of  the  burn.,  Starting  at  1324:30 
ar*  the  field  meter  enters  the  sun-illuminated  hemisphere,  the  B-fiold 
chaintel  reads  -2  kV/m.  This  reading  is  probably  genex’uted  by  a  photo- 
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electron  sheath  about  the  sunlit  portion  of  the  vehicle.  Payload  separ¬ 
ation  produced  a  large  transient  in  the  E-field  channel,  but  no  obvious 
permanent  change  in  the  reading.  Attitude  data  following  payload 
separation  are  not  available,  so  that  it  is  not  possible  to  speculate 
on  the  reasons  for  the  E-fleld-record  behavior  past  this  time. 

As  an  illustration  of  the  detailed  way  in  which  the  measured 
parameters  are  affected  by  ACS  system  activity,  the  actual  telemetry 
records  obtained  at  about  the  time  of  payload  release  are  shown  in 
Figure  D-7.  As  was  explained  earlier,  ion  probe  No.  2  is  Illuminated  by 
the  sun  and  indicates  photoelectron  emission  current  that  is  over  an 
order  of  magnitude  higher  than  the  ion  current  extracted  from  the  iono- 
sphex'lc  plasma  at  this  altitude.  The  photoelectric  current  evidently 
also  dominates  any  plasma  generated  by  ACS  operation,  since  ion  probe 
No.  2  current  is  constant  thi-oughout  the  period  of  Figure  D-7, 

Ion  probe  No.  1,  on  the  other  hand,  is  shaded  from  the  sun 
during  this  period  and  Indicates  ambient  Ion  density.  This  probe  current 
is  markedly  affected  by  ACE  motor  operation  in  genei'al,  and  most  of  the 
tlu’ustor  pulses  are  short  and  result  in  a  rvsk  probe  current  roughly 
twice  the  steady-state  value.  The  thrustur  burn  starting  at  1326:27,4, 
however,  persisted  for  approximately  5  s  and  raised  the  probe  current  to 
throe  times  Its  stoady-stute  value.  It  is  interesting  to  observe  that 
tho  payload-separation  process  did  not  affect  the  ion  probe  No.  1  current. 
This  should  bo  oncou raging  to  tho  dosigndrs  of  tho  separation  ha rdwai’e 
booauso  it  moons  that  all  of  the  combustion  products  of  the  pyrotechnics 
used  to  accomplish  the  separation  wore  so  woll  contained  that  their 
effects  were  well  below  the  effects  p:x>duced  by  the  ACS  syatott:. 

Each  time  the  ACS  system  Is  actlvotod,  tho  J-field  channel  of 
the  field  meter  indicates  a  burst  of  negative  chax’ge  orriving  on  the 
vehicle  skin.  This  result  is  consistent  with  the  physical  picture  of  a 
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burst  of  Increased  ion/electron  density  being  associated  with  the  operation 
of  an  ACS  thruster.  Since  the  electrons  in  the  cloud  are  more  mobile 
than  the  positive  ions,  the  electrons  will  diffuse  out  of  the  cloud  more 
rapidly  than  the  positive  ions,  and  this  net  diffusion  to  the  skin  of 
the  rocket  will  be  read  as  a  negative  current  density  at  the  field-meter 
location.  At  the  time  of  payload  separation,  there  is  a  pronounced 
transient  persisting  for  roughly  1  s  on  the  J-field  record.  The  details 
of  the  transient  are  undoubtedly  associated  Vifith  details  of  the  separation 
process. 

The  E“field  channel  la  Figure  D-7  is  also  evidently  affected 
by  the  operation  of  the  ACS  thrustors.  Each  time  a  rocket  fires,  the 
field  indication  is  reduced  momentarily.  Physical  explanations  for  the 
details  of  this  behavior  have  not  been  devised.  At  the  time  of  payload 
separation,  a  transient  signal  lasting  about  1  s  occurs  on  the  E-field 
record.  The  details  of  this  signal  stem  from  details  of  the  separation 
process  plus  the  response  of  the  field  meter  to  fast  tronslent  signals 
(this  can  be  quite  complicated  because  of  the  combination  of  signal 
chopping  by  the  x'otatlng  vanes  and  the  action  of  the  synchronous  detectors). 

3.  Titan  MlC-ai  Data 
a.  General 

Thex'c  are  many  similai'ltles  between  the  C-21  dato  and  those 
obtained  from  the  C-20  vohlclo.  Since  details  of  the  two  flights  were 
not  identical,  however,  there  are  differences  in  the  measured  I'esults. 

In  view  of  the  detail  with  which  the  C-20  dota  luive  been  discussed,  an 
effort  will  be  made  to  simplify  the  ti<outment  of  the  C-21  data  by 
I'of erring  whenever  possible  to  the  C-2U  results.  Where  unique  situatiens 
arise  in  the  C-21  data,  they  will  t>e  considered  in  somewhat  more  detail. 
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b.  80  ninl  Altitude 

Data  obtained  when  the  C-21  vehicle  was  at  80  nmi  altitude 

are  shown  in  Figure  D-8.  Comparing  Figure  D-8  with  Figure  D-2,  we  note 

that  the  first  transtage  engine  burn  occurred  at  this  altitude  during 

the  launch  of  C-20,  thereby  complicating  the  interp^retatlon  of  the  record. 

No  such  transtage-englne  activity  occurred  during  the  period  covered  by 

Figure  D-8.  During  this  period,  ion  probe  No.  1  was  shaded  from  the  sun 

and  indicated  a  current  of  1  which  corresponds  to  an  ambient  electron 
4  3 

density  n  =  4  X  10  el/cm  ,  in  agreement  with  the  published  data  used  in 
e 

Figure  17  for  this  altitude.  No  lonograms  fr<»)  the  launch  area  were 
provided  to  SRI  for  the  Titan  C-21  launch. 

Ion  probe  No.  2  is  sunlit  during  this  period  and  is  saturated 

2 

at  a  current  level  of  %  3pA.  Since  the  probe  area  is  137  cm  , 

**8  2 

this  means  that  the  moa8Ui*cd  current  density  is  2:  2.2  X  10  A/cm  .  Hits 

is  an  oixlor  of  magnitude  higher  than  the  photoelectric  current  density 

••9  2  22 

of  2.4  X  10  A/cm  predicted  for  stainless  steel  under  solar  Illumination. 

It  appeal's,  therefore,  that  the  probe  No.  2  current  Is  primarily  the 

I'osult  of  ion  collection  from  the  ambient  plusma.  Applying  this  inter- 

5  3 

pretution  wo  find  that  the  requii'cd  electron  density  Is  n^  2:  1.2  X  10  ol/cm 
Referring  to  Figure  17,  wo  find  that  such  u  voluo  of  elevti’ou  density  is 
possible  (although  it  is  somewhat  high  for  this  oltitude).  It  remains 
therefore  to  explain  the  difference  between  the  readings  of  ion  probe 
No.  1  and  ion  probe  No. 2.  li  ion  probe  No.  1  in  addition  to  being 
shielded  from  the  sun,  were  located  in  the  wake  of  the  vehicle,  one 
would  expect  its  reading  to  be  substsutieily  lower  than  that  of  ion 
probe  No.  2.  Velocity  data  made  available  to  SRI  indicate  that  during 
this  time  Interval,  the  component  of  vehicle  velocity  along  the  pitch 
axis  is  -3846  ft/s  «  1172  n/s,  which  means  that  ion  probe  No.  1  is 
indeed  in  a  wake  region.  (Normally  the  velocity  vector  is  almost  entirely 


126 


ATJi 


t- 

Z 

Ul 

cc 

a 

3 

a 


1 


0 


SHADED 

ION  PflOBE  NO.  1 


ION  PROBE  NO.  2 

SATURATED 
SUN  ILLUMINATED 


aKio*^ 

< 

1 

10*^ 

1 

n 

•1 

u 

10 

— 

JE 

8 

— 

5: 

« 

6 

1 

4 

Ul 

2 

'Mat 

Z 

o 


J 

8 

z 


NOTE;  Aliitudir  •>  B2  tvml 
•*  162  Mn 


TA>4iiaa-4a 
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along  the  roll  axis.)  Assuming  a  temperature  of  600°K  for  this  altitude 

(see  Ref.  26  for  150  km  altitude)  the  positive  Ions  will  have  a  thermal 

velocity  of  425  m/s.  This  is  substantially  below  the  component  of  vehicle 

velocity  along  the  pitch  axis,  so  that  a  region  of  reduced  ion  density 

can  be  expected  at  the  location  of  ion  probe  No.  1  which  lies  slightly 

27 

In  the  wake  of  the  vehicle.  The  Ion  density  in  such  a  location  can 

readily  be  one-third  the  ambient  ion  density  (see  Figure  1,  Ref.  27). 

In  this  series  of  arguments  we  have  been  led  to  conclude  that  the  ion 

5  .  3 

probe  No.  2  indication  n^  ^1.2  V.  10  el/cm  is  most  representative  of 
the  ambient  electron  density. 

It  will  be  Interesting  to  investigate  the  degree  to  which  the 

*4  2 

field-meter  J-fleld  reading  cf  2  X  10  A/m  (this  is  essentially  the 

some  as  the  2,2  X  10  °  A/cm  ion  probe  No.  2  current  density)  can  be 

explained,  bet  us  assume  that  the  vehicle  is  slightly  negatively  chorged 

and  that  the  field  meter  collects  all  of  the  ram  ion  current  arriving  on 

the  field-meter  vanes  as  the  result  of  the  1172-m/a  component  of  velocity 

28 

directed  into  the  field  meter.  The  ram  ion  current  is  given  by 


I  ta  n  e  V  A  (D-5) 

ram 


whore  n  is  the  ion/electron  density,  e  is  the  electronic  charge  (1.6  X 
10  coulottOtt).  V  1»  tho  cimt^inent  of  velocity  Oirocted  into  the  Held 
meter,  and  A  is  the  iuterceptiug  area.  The  current  density  for  our 
case  will  bo 


»  1.2  X  10^^  (1.6  X  <1172) 

=  2.25  X  lO"^  A/m^ 
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which  is  roughly  an  order  of  magnitude  lower  than  the  measured  ion  current 
density  arriving  on  the  field  meter.  The  calculated  ram  ion  current  can 
be  brought  into  agreement  with  the  measured  field-meter  current  density 
by  assuming  that  the  ram  ion  velocity  is  v  =  10,400  m/s,  but  this  Is 
greater  than  the  total  vehicle  velocity  of  7700  m/s  at  this  altitude 
so  that  this  argument  is  not  tenable.  Finally,  we  can  observe  that  most 
of  the  transtage  is  covered  with  a  thick  layer  of  theimal-control  material. 
This  material  Is  an  excellent  Insulator,  and  Its  presence  can  greatly 
modify  the  normal  flow  of  charged  particles  to  the  skin  of  the  vehicle 
(ram  ion  current  being  collected  on  the  frontal  surfaces,  and  an  equal 
electron  current  being  collected  in  the  wake  region).  It  appears  therefore 
that  the  No,  2  ion-probe  current  and  the  field-meter  current  density  are 
both  higher  than  they  would  be  on  a  metallic  vehicle.  This  situation, 
however,  is  reprcaentativo  of  what  occurs  on  a  typical  operational 
vehicle  that  Includes  insulating  surfaces— the  surfaces  can  become 
electrically  charged  and  modify  tho  collection  of  charged  particles  in  . 
their  vicinity. 

c.  100  to  200  nmi  Altitude 

Data  obtained  from  the  C-2i  vehicle  at  100  to  200  timi  altitude 
are  shown  in  Figure  D-0.  Much  oi  the  period  shown  in  the  figure  was 
occupied  by  the  first  burn  of  the  transtage  engine  (0414:43.57  to 
0420:04.67).  It  will  bo  interesting  to  consider  first  the  data  prior 
to  tho  start  of  tho  burn.  At  this  time  ion  probe  No.  1  is  shaded  ivm 
the  sun  while  ion  probe  No.  2  and  tho  field  meter  are  both  lllumlnaisd 
by  tUo  sun.  The  velociiy  vector  is  predominuatly  along  the  roll  axis. 

Itie  componont  along  the  roll  axis  is  7600  m/s,  with  1200  m/s  directed 
into  tho  field  meter  and  ion  probe  No.  2, 

Tho  readings  of  both  ion  probes  prior  to  the  burn  ai<o  almost 
identical  to  tboir  readings  in  Figure  D-8.  Oluce  the  erientation  of  tho 
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vehicle  is  the  same,  and  since  the  altitude  change  Involved  does  not 
carry  the  vehicle  into  a  radically  different  plasma  regime,  the  argu¬ 
ments  regarding  interpretation  of  probe  readings  presented  above  in 
Section  3-b  apply  here. 

The  field-meter  readings  prior  to  the  burn  are  also  similar  to 
the  values  in  Figure  D-8.  The  E-field  reading  Is  somewhat  higher,  and 
the  J-fleld  reading  Is  somewhat  lower,  but  the  arguments  of  Section  3-b 
of  this  Appendix  still  apply. 

During  the  period  of  the  ti’anstage-englne  burn,  the  field-meter 
recoi'ds  ai’e  noisy,  and  there  aiei  pronounced  changes  in  the  values  of 
the  readings.  It  is  interesting  to  note,  however,  that  the  engine  burn 
did  not  produce  a  definite  unipolor  change  in  vehicle  potential  of  the 
soi't  one  wo«'ld  expect  if  the  engine  wore  oxpolling  charged  particles  of 
a  single  (lolarlty.  Rather,  tho  field-meter  I'ccord  is  consistent  with  a 
physlcol  plctura  of  a  turbulent  flow  of  cimrged  purticles  past  the  field 
motor  or  strihlng  tho  field  meter. 

The  lon-piix>bc  k'eadings  also  are  uf footed  by  tho  ti'unstago- 
onglne  burti.  Here  too,  there  is  no  systematic  increase  or  docreaso  in 
the  piMbe  cur&*eut.  Instead,  the  ^a^'reut  varies  cotoildei'obly  during  the 
period  of  the  bum  os  did  the  field-motor  I'ocoi'ds. 

I  10  explain  in  detail  the  tKihavlor  of  tho  instruments  during 

the  engine  burn  would  requix'u  dotailed  description  of  tho  plasma  flow 
during  the  burn,  togotUor  with  ihformatlou  on  the  way  tho  sotutors  restn>nd 
to  a  turbulent  plasma.  Such  un  auolysis  is  boyond  the  scope  of  this 
report. 

I  At  tho  conclusion  of  tho  bum,  the  vchiclo  is  roorionted  so 

that  tho  velocity  vector  no  longer  has  o  component  ipto  the  field  motor 
and  ion  probe  Ko.  2,  At  0428:13  (tho  lest  velocity-vector  date  for  this 
tolcmotry  window  provided  to  3R1)  tho  voloelty-veotor  clock  anglo  was 
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70°  and  getting  smaller.  These  changes  in  orientation  are  undoubtedly 
responsible  for  the  changes  in  sensor  outputs  starting  at  roughly  0420:13. 
Starting  at  0422  there  are  additional  changes  in  vehicle  orientation,  as 
evidenced  by  pronounced  changes  in  insolation  vector  cone  and  clock 
angles  in  Figure  D-9.  The  lack  of  data  on  the  precise  vehicle  oi'len- 
tatlons  with  respect  to  the  velocity  vector  places  ai'guments  regarding 
the  details  in  instnimentation  outputs  into  the  realm  of  pure  speculation. 
Accordingly,  no '^ef fort  will  be  made  to  attempt  to  account  for  all  of 
these  details. 

d,  3500  to  4200  nmi  Altitude 

Data  obtained  iixtm  the  C--21  vehicle  in  the  flight  regime  from 
3500  to  4200  tual  altitude  are  stiown  in  Figui'o  D-10,  Throughout  this 
period  (except  for  a  brief  intoi'val  at  0454:40)  the  ox'iontatlon  of  the 
vehicle  with  respect  to  the  sun  is  such  that  ion  probe  No.  1  la  illumin¬ 
ated  while  ion  pittbe  No,  2  and  the  field  motor  at'o  both  shaded  from  the 
sun.  For  this  altitude  regime  we  find  from  Appendix  D  that  the  electron 

dotislty  is  given  by  Eq.  (D-4).  Since  ion  probe  No.  1  cuvrvnt  is 

-8  '  -8  10 
Kt*  1.5  X  10  A  the  correspotuliug  electron  density  Is  (1.5  X  10  )  (10  ) 

et  ISO  ol/cu  .  Ion  probe  No.  2  current  of  roughly  4  x  10  A  correspouds 

3 

to  un  electron  density  of  400  ol/cm  .  These  electron  densities  are  in 

.  25 

reasouubie  agreement  with  published  values  for  this  ultiiude  r*eglme, 

'*9 

Ion  probe  No.  1  current  is  oqulvalont  to  a  curu:'ent  deiixslty  of  1.1  K  10 
2 

A/uu  ,  which  is  slightly  less  than  liulf  the  photoclectr*ic  current  density 

•*9  2  3** 

of  2.4  X  15  A/cm  for  ctuinloss  steel  under  solar  illumination.  ** 

tlie  only  explunstion  that  can  bo  offer'Cd  for  the  difference 

between  the  readings  of  ion  probes  No.  1  and  No.  2  is  the  effect  of 

velocity.  Probe  No.  1  my  be  locotcd  in  the  wake  of  the  vehicle  where 

ion  density  is  low,  so  that  probe  No.  1  is  ihdienting  photoelectron 

26 

current  while  ion  probe  No.  2  is  iudicatlug  ion  density. '  Dnfortunsiely, 
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ION  PROBE  NO.  1 


ION  PROSE  NO.  2 


no  velocity- vector  data  were  provided  to  SRI  for  thia  time  pei*iod,  so 
that  this  argument  is  speculative. 

Throughout  the  period  of  Figure  D-10,  the  E-field  channel 
indicates  zero.  This  can  be  interpreted  to  mean  that,  at  tljiis  altitude, 
photoelectric  emission  is  beginning  to  dominate  in  detemining  vehicle 
potential. 

The  J-f\eld  channel  of  the  field  meter  indicates  that  a  current 
-5  .  2 

density  of  roughly  -10  A/m  la  arriving  at  the  field-meter  location  on 
the  vehicle.  Since  the  field  meter  is  shaded  from  the  sun  throughout 
thia  period,  the  current  ai-riving  on  the  field  meter  prabably  represents 
the  x-eturn  curx’cnt  from  the  photoelecti’ic  emission  on  the  sunlit  side 
of  the  vehicle. 

Activation  of  the  ACS  irn'kots  px’oUucos  the  tx-uusient  pulses 
evident  in  all  of  the  records  of  Figui'o  Most  of  the  activations 

yonox’ste  u  pulse  on  each  of  the  rccorda.  The  magnitude  of  the  dlstux'- 
banco  producev'  in  a  particular  sen  dependa  on  the  relative  locotiotx 

of  the  soxisor  and  the  thrustor*  of  the  thrastox's  couple,  ixoorly 

into  certain  of  the  seixsora.  In  these  ca»e»  pulsea  may  appear  on  two 
or  three  of  the  channels  but  not  on  the  «'‘'hers.  tlxe  way  in  which  the 
dlstutinitice  manifests  itself  on  the  t  >%!  varies  accox'dtng  to  the  sotisor 

being  consldet'cd.  The  ion  probes^  for  example,  generally  iiidicate  a 
toiluction  of  electron  density  at  the  time  of  ACS  rocket  motor  flrixig. 

The  two  field-meter  cUaintcls,  on  the  other  hand,  indicate  a  bipoior 
distux'bance.  in  genei'a!,  the  connection  between  .ACS  rocket  activity 
end  sensor  disturbance  remained  very  clear-cut  for  the  remaittdor  of  the 
flight.  A  typical  clectx'osta tic-da tu  record  will  be  exualned  in  greater 
detail  and  coapnrod  to  the  thk'ustor  octivity  record  in  a  later  section 
of  this  t?oport. 
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e.  14,200  mnl  Altitude 

Data  obtained  when  the  C-21  vehicle  was  at  an  altitude  of 
14,200  nmi  are  shown  in  Figure  D-11,  At  the  beginning  of  the  record, 
both  ion  probes  are  shadowed  from  the  sun.  As  the  insolation-vector 
clock  angle  changes,  ion  probe  No.  2  becomes  illuminated  by  the  sun,  and 

the  current  to  it  increases  until  it  reaches  a  maximum  value  of  0.2  |jA. 

■•9  2 

This  corresponds  to  a  current  density  of  1.5  X  15  A/cm  ,  This  is 

“9  2 

somewhat  lower  than  the  2.4  X  10  A/cm  photoelectric  current  measured 

21 

in  the  laboratory  for  simulated  solar  illumination.  We  must  observe, 

however,  that  ion  probe  No,  2  is  positioned  on  the  vehicle  at  a  clock 

angle  of  165°,  whereas  the  insolation- vector  clock  angle  is  220°,  Thus 

the  insolation  vector  makes  an  angle  of  55°  with  respect  to  the  normal 

ion  probe  No.  2,  Correcting  for  this  deviation  from  normal  incidence, 

-9 

we  obtain  for  the  predicted  photoelectric  current  i  =  2,4  X  10  cos 

-9  2  ^ 

55°  =  1.4  X  10  A/cra  ,  which  is  in  excellent  agreement  with  the 

measured  value. 

At  0638:35  the  insolation-vector  clock  angle  x'oaches  235°  and 
ion  pxobe  No,  2  is  shielded  from  the  sun  by  the  housing  for  yaw-right 
ACS  jets  4  and  5.  The  ion  pi*obe  No.  2  curx’ent  di-ops  rapidly  at  this 
time.  As  the  insolation-vector  clock  angle  increases  further,  ion  probe 
No.  2  enters  the  shaded  hemisphere  while  ion  pi-obe  No,  1  becomes  illum¬ 
inated  by  the  sun. 

When  they  are  shaded  from  the  sun,  both  ion  probes  No.  1  and 

No.  2  indicate  a  cux’rent  of  0.01  |jA.  Fx*om  Eq.  (D-4)  wo  find  that  this 

corresponds  to  an  electron  density  of  100  ol/cm  ,  This  is  in  good 

agreement  with  published  values  of  eloctx’on  density  at  this  oltitude 
21 

along  the  equator. 

Throughout  the  period  of  Figure  D-11  the  field  meter  Is  In 
the  sun-illuminated  ill  of  the  vehicle,  but  the  rocossod  design  of  the 
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field  meter  is  such  that  the  stator  is  largely  shielded  from  the  sun 
when  the  insolation  vector  makes  an  angle  of  more  than  60®  v/ith  respect 
to  the  normal  to  the  field  meter.  Since  the  field  meter  is  positioned 
at  a  clock  angle  of  134®  on  the  vehicle  and  since  the  insolation-vector 
clock  angle  is  never  less  than  190°  in  Figure  D-11,  the  angle  between 
the  field  meter  normal  and  the  insolation  vector  never  is  less  than 
56®,  Thus  the  field-meter  stator  vanes  are  shielded  from  the  sun  essen¬ 
tially  throughout  this  record, 

-5  2 

The  J-fieid  current  of  -10  A/m  probably  represents  the 
return  current  stemming  from  photoelectron  emission  from  other  parts  of 
the  vehicle. 

Throughout  this  period,  the  E-field  reading  remains  at  -2  ^.7%, 

which  indicates  that  the  vehicle  is  positive  with  respect  to  i ts 

surroundings.  This  is  in  agreement  with  the  argument  that,  as  ambient 

plasma  density  is  reduced,  the  competition  between  negative  charge 

accretion  from  the  plasma  and  negative  charge  loss  by  photoemission 

becomes  dominated  by  photoelectron  emission,  and  the  vehicle  acquires 

25  29 

a  not  positive  charge.  ’ 

f.  18,600  nml  Alt! lido 

Data  obtained  at  18,600  nml  altitude  during  tho  flight  of  the 
Titan  niC“2l  are  shoMtj  in  Figure  0-12.  In  all  respects  this  record  is 
almost  identical  with  that  of  Figure  D-il,  Tnus  all  of  the  observations 
made  in  Section  S-e  above  regarding  the  slgulflcanoo  of  the  Figure  B*ll 
data  also  apply  to  Figure  D-12. 

8*  19^400  tnai  iSyachronouB  Orbit)  Altitude 

Date  SroM  tiie  C-21  vehicle  after  It  reached  t^ynchronoub  orbit 
ar{}  shown  in  Figure  D-13,  The  manouvoring  assoc iuttni  with  payload  ejection 


Is  evident  in  the  insolation-vector  plots,  and  in  the  sketch  at  the 
bottom  of  the  figure  showing  transtage  orientation.  In  spite  of  the 
maneuvering,  ion  probe  No.  1  was  shaded  from  the  sun  throughout  this 
period  and  indicated  a  nominal  resting  current  of  0.005  |jA  (full-scale 
deflection  on  this  channel  is  0,1  ijA,  so  that  this  reading  is  approaching 
the  detection  limit  and  is  not  overly  precise).  This  reading  corresponds 

3 

to  an  electron  density  of  50  el/aa  ,  in  agreement  with  the  published 

21 

range  of  densities  for  this  altitude.  The  record  of  ion  probe  No.  1 
is  markedly  affected  by  ACS  rocket  operation  during  this  period, 

The  record  of  Ion  probe  No.  2  shows  the  effects  of  vehicle 

maneuvering.  During  parts  of  the  period,  the  probe  was  Illuminated  by 

the  sun.  When  the  vehicle  was  oriented  lor  payload  ejection,  on  the 

other  hand,  the  orientation  was  such  that  ion  probo  No.  2  was  shielded 

fixMu  the  sun  by  the  housing  for  the  yaw-right  ACS  rockets  4  and  5. 

During  the  shaded  portions  of  the  record,  o  current  of  0.01  pA  was 

3 

moasurod,  corresponding  to  on  electron  density  of  100  el/cm  ,  in 

21 

agi'oomont  with  the  published  range  of  densities  for  this  altitude, 

The  2-to-l  disparity  between  the  readings  of  ion  probes  No.  1  and  No.  2 

should  not  bo  taken  too  seriously  because,  as  wos  indicated  earlier,  the 

prabc  cux’rout  is  so  low  hero  that  tho  dotection  limit  of  the  system  is 

approached.  The  data  should  simply  be  intox'preted  to  indicate  that 

3 

an  electx'OH  density  of  i<oughly  75  el/cm  (tho  avox’agc  of  the  two  prohd 
readings)  was  measured.  Durltig  shaded  periods,  the  activity  of  the  ACS 
system  had  a  pionouncod  effect  in  the  ion  pi'obe  No.  2  record. 

When  ion  p^be  No.  2  was  illumlnotcd  by  the  sun,  tho  probo 

curx'ont  was  O.OB  pA.  This  corresponds  to  o  eux'ront  density  of  roughly 

6  X  10  A/cm  .  This  is  \  of  the  2.4  X  19  A/cm  measured  in  tho 

luboratox'y  from  stainless  steel  xtnder  simulated  normally  incident  solor 
22 

illtuainutiou.  We  must  observe,  however,  that  tho  insolation  vector 
is  far  from  normal  to  tho  No.  2  ion  px'obe.  Por  example,  ut  0935  the 
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insolation  vector  clock  angle  is  230°,  which  is  65°  from  the  clock 
position  of  the  probe.  At  this  same  time,  the  insolation  vector  cone 
angle  is  135°.  The  angle  the  insolation  vector  makes,  with  respect  to 
the  normal,  to  ion  probe  No.  2  is  therefore  73°,  and  the  flux  density 
Intercepted  by  the  probe  is  cos  73°  »  0.29  the  flux  at  normal  incidence. 

The  field  meter  is  largely  shielded  from  the  sun  throughout 
this  period,  since  the  insolation-vector  clock  angle  is  always  greater 
than  224°  except  for  bi*iel  periods  at  0945  and  0955.  At  0945  the  field 
meter  reading  is  perturbed  for  a  period  of  roughly  4  minutes.  For  the 
remainder  of  the  rocoi’d,  the  nominal  field-meter  channel  readings  are 
both  identical  with  those  of  Figure  D-11,  and  the  observations  made  in 
Section  3-e  of  this  Appendix  regarding  the  significance  of  Figure  D-11 
field-meter  data  also  apply  to  Figure  D-13. 

It  is  interesting  to  examine  in  more  detail  the  data  outputs 
at  the  general  time  of  payload  separation.  lon-probo  data  from  the 
period  of  payload  No.  1  release  are  shown  in  Fig  9  D-14  together  with 
chamber-pressure  recoids  from  the  ACS  rockets.  It  is  evident  that  each 
pulse  of  increased  ion-pit>bo  current  corresponds  to  a  firing  of  a 
tUmstor.  It  is  also  ovidont  that  certain  of  the  tiu'ustors  genoroto 
more  of  a  utiango  in  ion  density  at  u  particular  probe  than  do  othoro. 

A  matrix  showing  tlio  degree  of  coupling  between  the  various  throstoro 
and  each  of  the  ion  probes  is  shown  in  Table  1>-1,  itiu  locations  of  the 
vak'ious  ACS  uotoro  aro  shown  in  Figure  D-1.  Ibe  operation  of  rockets 
No.  12  otid  6<rollCCW)  px'oducos  tho  greatest  Incroaso  in  the  ion  density 
ot  both  ion  probes.  (The  rockets  are  operated  in  pairs.)  A  strong 
effect  on  ion-probe  No.  1  is  expected  since  the  exhaust  from  engine  No.  12 
passes  directly  over  ion  probe  No.  1  (shielded  from  direct  Itapingement 
by  the  housing  for  AC3  rockets  10  and  11).  Similarly,  strong  coupling 
exists  botwoon  rocket  motor  6  and  Ion  probe  No.  2  because  the  exhaust 
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£r<»u  engine  No.  6  passes  directly  over  ion  probe  No.  2  (shielded  from 
direct  impingement  by  the  housing  for  ACS  rockets  4  and  5). 


Table  D-1 

DEGREE  OF  COUPLING  BETWEEN  ACS  ROCKET  EXHAUSTS  AND  LANGMUIR  ION  PROBES 


ACS  Engine  No. 

Degree  of  Coupling 

Ion  Probe  No.  1 

Ion  Probe  No.  2 

1,2 

Weak 

Weak 

3,9 

Weak 

Weak 

4,5 

None 

Weak 

7,8 

Weak 

Weak 

10,11 

Weak 

Weak 

12,6 

Strong 

Strong 

Rocket  motors  3  and  9  (roll  CW)  are  similarly  located  with 
respect  to  the  ion  probes,  but  their  operation  produces  a  loss  pronounced 
increase  in  probe  current.  The  exhaust  from  motors  3  and  9  is  diroo;od 
away  from  the  ion  probes. 

All  of  the  pitch  and  yaw  motors  exhaust  in  the  art  direction, 
and  the  effect  of  their  operation  on  ion-probe  current  is  loss  pro~ 
nounced  than  the  effect  of  rocket  engines  12  and  6. 

A  very  interesting  and  significont  effect  was  observed  following 
the  release  of  the  first  payload  at  0938:96.64.  It  will  be  noted  that 
there  was  no  ACS  rocket  activity  after  0938:55.2,  but  there  is  a  pulse 
of  increased  current  in  both  ion^^probe  cbunnols  starting  at  0939:08.8 
(13.6  s  after  payload  roleoso)  and  persisting  until  0939:11,5.  When 
this  unexpected  current  pulse  was  discovered  by  SRI  personnel,  specu¬ 
lation  immediately  began  regarding  its  cause,  the  first  possibility 
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considered  was  that  antenna  breakdown  either  on  the  transtage  (considered 
highly  unlikely)  or  on  the  payload  satellite  occurred  at  this  time. 

A  check  with  personnel  at  SAMSO/Aerospace  quickly  disclosed  that  the 
splnup  rockets  on  the  payload  satellite  were  fired  at  this  time.  In 
fact,  the  time  waveform  of  the  curi'ont  pulse  Induced  in  Ion  probe  No.  2 
closely  duplicated  the  chamber-pressure  variation  observed  during  the 
burn  of  a  splnup  rocket.  It  was  concluded  that  the  ion-current  pulse 
was  undoubtedly  caused  by  the  operation  of  the  splnup  rockets  on  the 
satellite  which  was  at  this  time  at  least  14  ft  from  the  transtage.  (At 
separation,  the  satellite  moves  away  from  the  transtage  with  o  velocity 
of  at  least  1  £t/s.>  This  result  Is  significant,  since  It  Indicates 
that  a  remote  measurement  with  a  passive  system  such  as  the  ion  probe 
Is  able  to  detect  xticket-motor  operation  on  a  satellite,  and  can  provide 
a  time  history  of  the  burn.  With  additional  effort,  It  should  be 
possible  to  obtain  an  estimate  of  Oiiglne  thrust  from  ion-donslty  change 
and  distance  ii'om  the  sensor  to  the  rocket  motor. 

Data  from  the  period  about  the  time  of  No.  2  payload  release 
ax'o  shown  in  Figure  D-lS.  Hero  there  is  much  more  ACS  system  activity 
than  there  was  px'lor  to  the  I'oleaso  of  the  No.  1  payload.  Again,  it  is 
evident  that  both  Ion-probe  curronts  ax’o  morkedly  affected  by  the  opex^ 
Qtlon  of  the  No.  12  thxustor.  In  this  record,  there  are  several  long 
bux'ns  of  the  No.  12  motor  (o.g.,  at  0948:&2.4,  0848:56.4  ond  0849:01.2). 
Cox’rospondlng  long  cuxu'ont  pulses  are  obsoxn/od  In  both  ion  probes. 

Hayload  No.  2  was  released  at  0949:18.64.  Starting  at  0949:28.9 
(11.25  s  after  poyload  x’oloaso)  and  persisting  until  0949:33.7  a  complex 
current  pulse  occurred  on  both  ion-probe  channels.  When  the  electro¬ 
static  Instrumentation  data  were  fixst  inspected,  the  ACS  thrustor 
activity  becord  was  not  ovniluble,  and  the  infoxiaal  information  supplied 
to  SEX  indicated  that  thore  should  be  no  ACS  activity  at  the  time  of  the 
observed  pulse.  The  lon-pvcdie  data  were  first  IntexDreted  to  moan  that 
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possibly  a  malfunction  had  occurred  in  the  satellite  splnup  rocket 
motor,  thereby  generating  the  three  additional  peaks  In  the  record 
(compare  Figure  D'-14  and  D-15).  A  second  interpretation  was  that,  on 
this  particular  flight,  ACS  motor  activity  did  occur  precisely  during 
satellite  splnup,  thus  generating  the  additional  peaks  in  the  No.  2  Ion 
probe  record.  When  the  ACS  motor-pressure  data  became  available,  it 
was  Immediately  apparent  that  the  complex  Ion-probe  current  record  was 
the  result  of  the  simultaneous  operation  of  the  splnup  rocket  motor  on 
the  satellite  and  three  pulses  from  the  No.  12  motor  of  the  transtage 
ACS  system. 


Appendix  E 

DESCRIPTIOM  OF  SATELLITE  INSTRUMENTATION 

1.  Introduction 

Satellite  electriiication,  which  is  known  to  occur  under  certain 
environmental  conditions  in  space,  is  a  likely  cause  ior  the  unexpectedly 
I'upld  degradation  of  thei'mal-control  material  properties  observed  on 
previously  launched  synchronous^orbit  satellites. 

This  dotoriorotion  of  thormal^’control  pixiperties  may  be  caused 
(1)  by  tho  accolorated  deposition  of  electrically  chatted  or  polarizable 
contaminants  on  tUemul-conti’ol  surfaces  duo  to  electrostatic  attx'uction, 
or  (2)  by  physical  ciiangos  in  thermal-oontt'ol  uharactox'istics  duo  to 
electrical  discUargos  that  occur  between  portions  of  satellite  matox'lals 
that  become  charged  to  unequal  t)otentiaIs,  In  addition,  the  electric 
fields  produced  by  chained  surfaces  can  interfere  with  the  operation  of 
field»sensitive  ittstruments,  Tho  resultltig  electrical  dischat^es  may 
produce  severe  electrical  ttoise  in  critical  iustmmentatiott  or  control 
circuits. 

An  ihStruMontution  system  for  the  study  of  satellite  clcctrifi* 
cation  mechanisms  and  cUargitig  curt*eiits  has  been  duveipped  by  Stanford 
Heseaa^h  Inatitutu  and  4as  been  installed  on  v  satellite  that  is  to  be 
launched  in  the  near  iutut'u.  lliis  liuitrumentation  system  is  basically 
a  taodiflcd  and  repackaged  version  of  one  that  was  developed  by  £itti  and 
employed  on  the  flights  of  Titan  XllC'^20  and  C*^2l  to  study  rocket 
electrificatlou. 
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The  Titan  instrumentation  is  described  in  detail  in  Ref,  8  and 
again  briefly  in  Section  11  of  this  report.  The  Titan  instinmientation 
was  chosen  as  the  basis  for  the  satellite  instrumentation  system,  since 
the  Titan  system  had  already  been  qualified  and  proven  in  flight. 

Further,  the  time  and  effort  required  for  modification  and  repackaging 
of  this  system  for  use  on  a  satellite  was  minimal , thereby  allowing  in- 
orbit  data  regarding  the  electrostatic  processes  of  interest  to  be 
obtained  at  the  earliest  possible  time. 

2.  Satellite  Instrumentation 

A  block  diagram  of  the  satellite  instrumentation  system  is  shown  in 
Figure  E-1,  and  an  abbreviated  description  of  this  system  is  given 
below.  A  more  complete  description  of  the  major  components  of  the  system 
is  given  in  Ref.  8. 

a.  Electrostatic-Field  Sensor 

The  electrostatic-field  sensor  is  of  the  rotating-vano  design. 
The  detector  head  is  mounted  in  a  hole  in  a  therwol-contx’ol  panel  in 
such  a  manner  that  the  sensor  vanes  are  exposed  to  the  exterior  of  the 
vehicle.  Tlie  depth  at  which  the  sensor  is  mounted  has  been  ohoscn  in 
order  to  maximize  the  sensitivity  to  electric  fields  produced  by  eharge 
accumulation  on  the  vehicle  surface  surrounding  the  sonear. 

The  electric-field  sensor  is  also  equipped  to  wessurs  convec¬ 
tion  currents  that  flow  to  the  sensor  from  the  envli’otmont. 

For  the  satellite  system  the  sensitivity  of  the  olootE'ie-floid 
and  convection-current  sensoi*s  has  been  increased  by  a  factor  of  in 
order  to  allow  the  measurement  of  the  magnitudes  of  vehicle  ptitential 
and  convection  current  that  are  expected  during  XHalntively  quiet 
periods  as  well  as  during  periods  of  Inorensod  solar  activity. 


FIISURE  E-t  BLCXSK  DIAGRAM  OF  SATELLITE  INSTRUMENTATION  SYSTEM 


The  location  of  the  field-sensor  on  the  satellite  is  shown 
in  Figure  E-2,  Figure  E-3  is  a  photograph  of  the  satellite  electro- 
static-field  sensor.  It  is  evident  from  the  photograph  that  the  design 
of  the  sensor  has  been  modified  to  minimize  the  degree  to  which  the 
vanes  are  recessed. 

b.  lon-Probe/Pulse-Counter  Sensors 

Two  ion-pi’obe/pulse-counter  sensors  are  mounted  on  the  vehicle 

surface  as  shown  in  Figure  E-2.  Each  sensor  consists  of  a  stainless- 

2 

steel  plate  with  a  surface  area  of  150  cm  .  The  sensors  are  biased  to 
a  fixed  voltage  of  -5.6  V  with  respect  to  the  satellite  frame  in  order 
to  allow  the  collection  of  positive  ion  current. 

in  addition,  each  of  the  sensors  is  coupled  to  pulse-counter 
circuitry  that  allows  the  detection  and  counting  of  electrical  pulses 
induced  in  the  sensor  either  by  electrostatic  discharges  that  occur 
on  theyjaal-oontrol  surfaces  near  the  sensor  ©»•  by  charged  particles, 
such  as  those  that  may  be  produced  by  rocket-motor  operation,  that 
strike  the  sensor.  Tlie  awplitudo  and  time-structure  of  an  induced 
pulaa  determines  whether  or  not  the  counter*  cii’cuitry  is  triggered. 
Laboratory  experiments  are  plrnnod  to  detoimiine  the  pulse-atwoture 
roquirements  for  reliable  detection,  as  well  as  the  structure  of  pulses 
of  the  type  produced  by  diaahai^es  on  theiwl'^oontrol  surfaces, 

Figuiw  E-4  is  a  photograph  of  an  iou-probe/pulso-councer  se«sor 
and  its  associated  pisjumpllflex’,  . 

6ip,nsl"Prote80ing~Eloc ironies  Housing 

The  sIgttol-processiMg-electronica  houaiag  contains  the  noceaaary 
on/off ’“Command  circuitry,  the  aoeouUai'y  power  supply,  and  the  major 
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f=IGURE  E*3  SATELLITE  FIELD-METER  SENSOR 


pox'Uou  ol  tho  sitjnal-pj’ofosaing;  c’locU’onics,  I'iguj'f  E-5  Is  a  pholo- 
gi’ftph  ol  this  unit  with  iiii  access  covci*  romovccl. 


1  i  On/Ol  l"Coiiuiu>n<l  C i  rcu i  t  ry 

The  on/oli'-comnuuul  circuitx*!'  is  designed  lor  Inll-snlo 
operation,  in  that  two  sopurule  coiiumind-siumil  pulses  lU'c  I'cquiivd  to 
turn  on  the  instrumentation  while  u  single  command  on  either  line  will 
turn  the  instrumentation  oil.  In  addition,  in  case  ol  single-point 
command-circuit  lallure,  the  Inairumenlalion  will  revert  to  the  oil 
condition,  A  schematic  Uiagxsim  ol  one  ol  the  two  identical  channels 
employed  in  the  on/ol l-oommand  interlace  circuit  is  shown  in  I'‘igure  li-C. 


TA<*B430*fi9 


FIGURE  E<4  SATELLITE  PULSE  PREAMPLIFIER  AND  LANQMUIR-ION-PROBE  SENSOR 
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(2)  tjCMR  ENpcvimunt  Pcnvur 


TIu'  Hticoiulury  powor  uupply  cotitultiutl  in  tl«j  SHI  liistni- 
mtnUutinn  piicUuno  l.s  bcitiK  ustul  to  supply  2B-V<k*  po\kt'r  »t>  »  quurtit- 
cryslul  wicro-bitlunco  system. 

Pouer  is  supplied  to  the  QCMIi  f'.spevlweut  only  \the«  the 
StU  Instmmentulion  is  turned  on. 


(3)  System  tKitput  CItnnnels 


The  system  output  ehunnels  are  shoun  in  Ptmire  K-1. 
Each  channel  is  sumpled  by  the  telemetry  system  at  a  rate  ui  1  sample 


per  seeoml. 
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The  full-scale  output  range  for  each  channel  is  0  to  +5  V. 
The  output  from  each  channel  is  linearly  proportional  to  the  input 
signal  being  measured.  The  nominal  input  parameter  ranges  for  each  of 
the  channels  are  given  in  Table  E-1. 


Table  E-1 

SRI  SATELLITE  INSTRUMENTATION 


SENSOR 

PARAMETERS  MEASURED 

NOMINAL  RANGE 

Electrostatic- 

Electric  Field  (high-gain) 

±  500  V/m 

Field  Sensor 

Electric  Field  (low-gain) 

±  15  kV/m 

Convection  Current  (high-gain) 

2 

+  5  pA/». 

Convection  Current  (low-gain) 

2 

±  150  pA/m 

Ion-probe/ 

Ion  Current  (high-gain) 

0.67  nA 

0  to  +  2 

Pulse  counter 

cm 

No.  1 

Ion  Current  (low-goln) 

20  nA 

0  to  + 

cm 

Pulse  Count  (high-gain) 

0-50  pps 

Pulse  Count  (low-gain) 

0  -  1000  pps 

Ion-probe/ 

Ion  Current  (high-gain) 

0.67  nA 

0  to  +  — 

Pulse  counter 

cm 

No.  2 

Ion  Current  (low-goin 

20  nA 

0  to  + - - 

cm 

Pulse  Count  (blgh-goln) 

0-50  pps 

Pulse  Count  (low-gain) 

0  -  1000  pps 

3*  Progress  to  D«to 

Under  the  present  uontraet)  the  eatollite  instrumeutetiou 


systou  was  conatttiiotud  and  iustollod  on  o  iiotollite. 
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A  preliminary  post~installation  operational  and  signal- 
injection  calibration  test  of  the  satellite  instrumentation  system  was 
performed.  During  this  test  the  complete  instrumentation  system  func¬ 
tioned  as  planned  and  the  telemetry  outputs  were  shown  to  be  linear  with 
respect  to  the  system  input  parameters  over  their  entire  ranges. 

;  A  proposal  was  submitted  for  continued  effott,  including 
the  final  preflight  instiounent  checkout  and  calibration^  the  analysis 

and  reduction  of  in-orbit  data,  and  laboratory  work  to  support  the  | 

30  I 

data-analysis  effort.  This  proposal  resulted  in  a  subcontract  to  j 

31  I 

carry  out  the  additional  worit.  At  this  writing  the  preflight  checkout 

and  calibration  have  been  accomplished,  and  the  satellite  was  sucessfullj 

launched.  Data  reduction  and  analysis  are  underway. 
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